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Abstract	  
 
The thesis is comprised of nine scientific articles and is preceded by an overview that 
contextualises all of publications.  
Mixed-metal clusters of group 6 and 9 have been of longstanding interest. The polar 
metal-metal bonds in these clusters exhibit great potential for substrate activation, and the 
widely disparate metals could increase cluster reactivity. Our previous studies of group 6 
and 9 mixed-metal clusters have mainly concentrated on low-nuclearity tetranuclear 
Mo/W−Ir clusters, including the study of their structure, fluxionality, reactivity, 
electrochemistry, spectroelectrochemistry and optical properties. The thesis project 
herein mainly focuses on the synthesis of medium-nuclearity clusters of group 6 and 9.  
The first part of this body of work is concerned with the synthesis of medium-nuclearity 
Mo/W−Ir clusters. Publication 1 details the synthesis of pentanuclear clusters by core 
expansion of tetranuclear Mo/W−Ir clusters with Ir(CO)2(η5-C5Me4R) (R = H, Me). 
Publication 2 describes phosphine, isocyanide, and alkyne reactivity at several 
pentanuclear Mo/W−Ir clusters that are reported in Publication 1. Three structurally 
characterized medium-nuclearity Mo-Ir clusters are presented in Publication 3. 
The second part of the thesis includes the synthesis of medium-nuclearity Mo/W−Rh−Ir 
clusters by core expansion reactions of tetranuclear Mo/W−Ir clusters with capping 
reagents Rh(CO)2(η5-C5Me4R) (R = H, Me). Publication 4 delineates a dynamic 
permutational isomerism in a closo-cluster W2RhIr2(CO)9(η5-C5H5)2(η5-C5HMe4), 
together with a proposed mechanism and studies of the chemical and physical properties 
of the permutational isomers. Publications 5 and 6 detail the syntheses of penta- and 
hexa-nuclear Mo/W−Rh−Ir clusters by core expansion of tetranuclear clusters 
M2Ir2(CO)10(η5-C5H5)2 and MIr3(CO)11(η5-C5H5) (M = Mo, W) with Rh(CO)2(η5-
C5Me4R) (R = H, Me), and phosphine and alkyne chemistry of the pentanuclear clusters. 
Publication 7 demonstrates the synthesis and structural studies of a hexa-nuclear cluster 
Mo3Ir3(µ4-η2-CO)(µ3-CO)(CO)10(η5-C5H5)3 and a hepta-nuclear cluster Mo3RhIr3(µ-
CO)4(CO)7(η5-C5H5)3(η5-C5Me5).  
In addition, Publication 8 describes alkyne chemistry at a phosphine-substituted cluster 
and explores the impact of phosphine ligation to Mo2Ir2(µ-CO)3(CO)7(η5-C5H5)2 on 
	   vii	  
optical limiting properties. Finally, Publication 9 reports two homo-iridium clusters 
Ir4(CO)6(η5-C5Me4H)2 and Ir7(µ3-CO)3(CO)12(η5-C5Me5), obtained from pentametallic 
molybdenum-iridium cluster precursors.  
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AR Analytical reagent In IR spectroscopy  
Cp η5-cyclopentadienyl br Broad 
Cp# η5-tetramethylcyclopentadienyl m Medium 
Cp* η5-pentamethylcyclopentadienyl s Strong 
CVE Cluster valence electrons sh Shoulder 
EAN Electron Atomic Number v Very 
ESI Electrospray ionization w Weak 
HR High resolution In NMR spectroscopy  
HOMO High occupied molecular orbital δ Chemical shift 
LUMO Low unoccupied molecular orbital s Singlet 
IR Infrared spectroscopy m Multiplet 
[M]+ Molecule ions ppm Parts per million 
MS Mass spectroscopy In electrochemistry  
m/z Mass per unit charge Ea Anodic potential 
NMR Nuclear magnetic resonance  Ec Cathodic potential 
ORTEP Oak Ridge thermal ellipsoid plot E1/2 Half potential 
Ph Phenyl ipc Cathodic peak current 
Psi Pounds per square inch ipa Anodic peak current 
PSEPT Polyhedral Skeletal Electron Pair Theory   
R General alkyl or aryl group   
Rf Retention factor   
THF Tetrahydrofuran   
TLC Thin layer chromatography   
ν IR absorption frequency   
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Thesis Overview 
1.1 Introduction  
Mixed-metal cluster chemistry has been of longstanding interest.[1] A cluster molecule 
that contains two or more differing metals provides the possibility of multisite activation 
of a given organic substrate and high selectivity.[2] The aggregation of multimetallic 
atoms within a metal cluster molecule can afford a number of accessible oxidation states. 
Metalloselectivity of ligands at a mixed-metal cluster may lead to a structurally tailored 
complex and be helpful for stereochemical studies. Ligand migration about mixed-metal 
clusters may provide an effective model for surface mobility of chemisorbed species at 
heterogeneous catalysts.[3] As clusters become progressively larger in size, metal clusters 
may become metal particles that possess metallic character with potentially interesting 
physical properties.[4] 
Due largely to the pioneering theoretical analyses by Hoffmann and Mingos and their co-
workers and the experimental studies by Stone and Vahrenkamp and their co-workers, 
general procedures to synthesize mixed-metal clusters have become available.[5] Routes 
that have been utilized in the synthesis of heterometallic trinuclear and tetranuclear 
clusters can be generally divided into four categories of reactions (Scheme 1); Type A, 
reactions involving metal exchange, replacing one or more vertices on a preexisting 
cluster with a heterometal fragment, Type B, reactions including the condensation of 
dinuclear reagents to generate mixed-metal clusters, Type C, reactions of mononuclear 
metal alkylidynes and derivatives with mono- and dinuclear reagents, and Type D, 
reactions of dinuclear species with mononuclear reagents.[6] These methods can in 
principle be applicable to the synthesis of medium- and high-nuclearity mixed-metal 
clusters.  
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Scheme 1. General routes to heterometallic trinuclear and tetranuclear clusters. 
Mixed-metal clusters containing metal atoms from group 6 and group 9 are of 
considerable interest.[6] The polar metal-metal bonds formed between electropositive 
metals (group 6) and electronegative metals (group 9) may provide additional avenues 
for substrate activation, and  the clusters may be precursors for catalytically active 
heterometallic species with well-defined metal:metal stoichiometry and geometry. For 
example, W2Ir2(CO)10(η5-C5H5)2 and WIr3(CO)11(η5-C5H5) were deposited on alumina 
supports and heated to produce catalysts active for butane hydrogenolyis.[7] Humphrey 
and co-workers have carried out comprehensive studies of Mo/W-Ir carbonyl clusters and 
their reactivity towards phosphines, isocyanides, and alkynes.[8] The majority of reported 
examples of group 6/group 9 mixed-metal clusters are trinuclear and tetranuclear;[6] 
medium- and high-nuclearity (Mn, n ≥ 5) examples are scarce. This thesis mainly focuses 
on studies of mixed-metal medium-nuclearity clusters comprising metals from groups 6 
(Mo, W) and 9 (Rh, Ir).  
Table 1. Crystallographically characterized structures of mixed-metal clusters of groups 
6 (Mo, W) and 9 (Rh, Ir). (Mx, x ≥ 5, Mo, W Rh, Ir)  
 
Type  Core structure  Ref. 
(i) 
 
MoIr4(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) 9 
MoIr4(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me4H) 9 
WIr4(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) 9 
WIr4(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me4H) 9 
MoRhIr3(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) 17 
WRhIr3(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) 17 
MoIr4(µ3-η2-PhC2Ph)(µ3-CO)2(CO)6(η5-C5H5)(η5-C5Me5) 10 
WIr4(µ3-η2-PhC2Ph)(µ3-CO)2(CO)6(η5-C5H5)(η5-C5Me5) 10 
W
W
Ir
Ir
Ir
M
M
M
M
+ M' M
M'
M
M
MM + M
M'
M
M'
M'
M'
MM + M
R
C
M'
M
M' CR MM +
MM'
M
M'
Type A Type B
Type C Type D
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WIr4(µ3-η2-PhC2C6H4C≡CPh)(µ3-CO)2(CO)6(η5-C5H5)(η5-C5Me5) 10 
WIr4(µ-CO)3(CO)6(PPh3)(η5-C5H5)(η5-C5Me5) 10 
MoIr4(µ3-CO)2(µ-CO)2(CO)4(PPh3)2(η5-C5H5)(η5-C5Me5) 10 
MoRhIr3(µ3-η2-PhC2Ph)(µ3-CO)2(CO)6(η5-C5H5)(η5-C5Me5) 17 
(ii) 
 
MoIr4(µ3-H)(µ-CO)2(µ-η1:η5-CH2C5Me4)(CO)7(η5-C5Me5) 9 
MoRhIr3(µ-CO)2(CO)8(η5-C5H5)(η5-C5Me4H) 17 
(iii) 
 
Mo2Ir3(µ-CO)3(CO)6(η5-C5H5)2(η5-C5Me5) 9 
W2Ir3(µ-CO)3(CO)6(η5-C5H5)2(η5-C5Me5) 9 
Mo2Ir3(µ-CO)3(CO)6(η5-C5H5)2(η5-C5Me4H) 9 
W2Ir3(µ-CO)3(CO)6(η5-C5H5)2(η5-C5Me4H) 9 
Mo2Ir3(µ-CO)3(CO)5(CNC6H3Me2-2,6)(η5-C5H5)2(η5-C5Me5) 10 
Mo2RhIr2(µ-CO)3(CO)6(η5-C5H5)2(η5-C5Me5) 16 
W2RhIr2(µ-CO)3(CO)6(η5-C5H5)2(η5-C5Me5) 16 
Mo2RhIr2(µ-CO)3(CO)6(η5-C5H5)2(η5-C5Me4H) 15 
W2RhIr2(µ-CO)3(CO)6(η5-C5H5)2(η5-C5Me4H) 15 
(iv) 
 
W2Ir3(µ-CO)4(CO)5(η5-C5H5)2(η5-C5HMe4) 9 
Mo2Ir3(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5Me5) 10 
W2Ir3(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5Me5) 10 
Mo2Ir3(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5Me4H) 10 
W2RhIr2(µ-CO)4(CO)5(η5-C5H5)2(η5-C5HMe4) 15 
Mo2RhIr2(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5Me5) 16 
W2RhIr2(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5Me5) 16 
Mo2RhIr2(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5HMe4) 15 
W2RhIr2(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5HMe4) 15 
Mo2RhIr2(µ-CO)4(CO)4(P(C6H4Me-4)3)(η5-C5H5)2(η5-C5Me5) 16 
W2RhIr2(µ-CO)4(CO)4(P(C6H4Me-4)3)(η5-C5H5)2(η5-C5Me5) 16 
Mo2RhIr2(µ-CO)4(CO)4(P(C6H4Me-4)3)(η5-C5H5)2(η5-C5HMe4) 16 
Mo2RhIr2(µ-CO)4(CO)4(P(4-OMe-3,5-Me2-C6H2)3)(η5-C5H5)2(η5-
C5Me5) 
16 
(v) 
 
Mo2Ir3(µ3-H)(µ-CO)2(CO)9(η5-C5HMe4)2 11 
Mo2Ir3(µ3-H)(µ-CO)2(CO)9(η5-C5Me5)2 11 
W2Ir3(µ3-H)(µ-CO)2(CO)9(η5-C5Me5)2 11 
Mo2Ir3(µ3-H)(µ-CO)2(CO)9(η5-C5H5)(η5-C5Me5) 11 
Mo2Ir3(µ3-H)(µ-CO)2(CO)9(η5-C5H5)(η5-C5HMe4) 11 
(vi) 
 
Mo2RhIr2(µ4-η2-CC(COOMe)2)(µ-CO)4(CO)4(η5-C5H5)2(η5-C5Me5) 16 
W
W
Ir
Ir
Ir
W
W
Ir
Ir
Ir
W
W
Ir
Ir
Ir
W
W
Ir
Ir
Ir
W
W
Ir
Ir
Ir
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(vii) 
 
Mo3Ir2(µ3-CC6H4OMe-4)(µ3-η2-CO)(µ-CO)(CO)6{(N2C3H3)3BH-
κ3N,N’,N"}(η5-C5Me4H)2 
13 
(viii) 
 
Mo3Ir2(µ4-C)(µ3-CC6H4OMe-4)(µ-O)(CO)6{(N2C3H3)3BH-
κ3N,N’,N"}(η5-C5H5)2 
13 
(ix) 
 
W2Ir3(µ4-η2-C2C6H4Me-4)(µ-CO)(CO)9(η5-C5H5)2  19 
W2Ir3(µ4-η2-C2Ph)(µ-CO)(CO)9(η5-C5H5) (η5-C5Me5)  12 
W2Ir3{(µ4-η2-(C2C≡C)W(CO)3(η5-C5H5))(µ-CO)2(CO)8(η5-C5H5) 
(η5-C5Me5) 
12 
(x) 
 
Mo2Ir3(µ4–η2-PhC2Ph)(µ3-CPh)2(CO)4(η5-C5H5)2(η5-C5Me5) 10 
(xi) 
 
W3Ir3(µ4-η2-CO)(µ-CO)(CO)10(η5-C5H4Me)3 22 
Mo3Ir3(µ3-O)(µ-CO)3(CO)8(η5-C5H5)3 14 
Mo3Ir3(µ4-η2-CO)(µ-CO)(CO)10(η5-C5H5)3 18 
W3Ir3((µ4-η2-C2Ph)(µ-η2-C=CHPh)(Cl)(CO)8(η5-C5H5)2(η5-C5Me5) 12 
(xii) 
 
Mo2Rh2Ir2(µ3-CO)(µ-CO)3(CO)4(η5-C5H5)2(η5-C5HMe4)2 15 
(xiii) 
 
W3Ir4(µ-H)(CO)12(η5-C5H5)3 20 
Mo3Ir3Rh(µ-CO)4(CO)7(η5-C5H5)3(η5-C5Me5) 18 
(ixv) 
 
Mo4Ir4(µ-CO)4(CO)9(η5-C5H5)2 14 
(xv) 
 
Mo3Ir5(µ-CO)3(CO)6(η5-C5H5)3(η5-C5HMe4)Cl 14 
Table 1 displays the extant metal cores (Mn, n ≥ 5) of all crystallographically verified 
mixed-metal clusters incorporating metals from group 6 (Mo, W) and group 9 (Rh, Ir). 
W
W
Ir
Ir
Ir
W
W
Ir
IrIr
W
W
Ir
Ir
Ir
W
W
Ir
Ir
Ir
Mo
Mo
Ir
Ir
Rh
Rh
Rh
Rh
Mo
Ir
Ir
Ir
Mo
Ir
Mo
Mo
Mo
Ir
Ir
Mo
Ir
Ir
Mo
Ir
Ir
Mo
Mo
Ir
Ir Mo
Ir
W
W
Ir
IrIr
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 Figure 1. Structures of 3–16. 
Redox condensation of a mononuclear reagent to an existing trinuclear or tetranuclear 
cluster could lead to formation of medium-nuclearity clusters.[6] An example of this 
process is the reactions of M(CO)2(η5-C5Me4R) (M = Rh, Ir; R = H, Me) fragments with 
tetranuclear clusters MIr3(CO)11(η5-C5H5) (M = Mo, 1a; W, 1b) and M2Ir2(CO)10(η5-
C5H5)2 (M = Mo, 2a; W, 2b). Reactions of capping reagents Ir(CO)2(η5-C5Me4R) (R = H, 
Me) with 1a or 1b in refluxing toluene afforded MIr4(µ-CO)3(CO)7(η5-C5H5)(η5-
C5Me4R) (M = W, R = Me, 3; M = Mo, W; R = Me, H) with the clusters possessing 
trigonal-bipyramidal core goemetries, with two iridium atoms and one Mo or W atom in 
the equatorial plane, an iridium atom sited at each apical position, and identical carbonyl 
dispositions.[9] The sterically more demanding MoIr3(µ-CO)3(CO)8(η5-C5Me5) was 
reacted with excess Ir(CO)2(η5-C5Me5) in refluxing toluene to give MoIr4(µ3-H)(µ-
CO)2(µ-η1:η5-CH2C5Me4)(CO)7(η5-C5Me5) (6) possessing the type (ii) core geometry 
with three iridium atoms at the equatorial positions of a trigonal-bipyramidal core and the 
µ-η1:η5-CH2C5Me4 ligand derived from a C−H bond activation of one of the methyl 
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groups.[9] 2a or 2b, related to 1a or 1b by isolobal replacement of Ir(CO)3 by M(CO)2(η5-
C5H5), were reacted with Ir(CO)2(η5-C5Me4R) (R = H, Me) in refluxing toluene to afford 
type (iii) clusters M2Ir3(µ-CO)3(CO)6(η5-C5H5)2(η5-C5Me4R) (M = Mo; R = Me (8); M = 
W; R = H (9); M = Mo, W; R = Me, H).[9] Interestingly, a type (iv) cluster W2Ir3(µ-
CO)4(CO)5(η5-C5H5)2(η5-C5HMe4) (10) was also obtained in addition to 9 in the reaction 
of Ir(CO)2(η5-C5HMe4) with 2b. 10 is an isomer of 9 and features the tungsten atoms 
located at equatorial positions of the trigonal-bipyramidal core, while in 9, one tungsten 
atom is at an apical site and the other at an equatorial site. Reactions of MoIr3(µ-
CO)3(CO)8(η5-C5H5-nMen) (n = 0, 1, 4, 5) with carbonylmetalate anions [M(CO)3(η5-
C5Me5)]- (M = Mo, W; n = 4, 5) afforded Mo2Ir3(µ3-H)(µ-CO)2(CO)9(η5-C5Me5)2 (15) 
with a type (v) core geometry, three iridium atoms in the equatorial plane and two 
molybdenum atoms at apical sites. A proposed mechanism of formation of these trigonal-
bipyramidal clusters involves (a) addition, (b) removal of an apical vertex of an 
intermediate trigonal-bipyramidal cluster to afford a new tetrahedral cluster, and then (c) 
further addition of a capping unit to afford a new trigonal-bipyramidal cluster.  
The reactions of the related capping agents Rh(CO)2(η5-C5Me4R) (R = H, Me) with 1a, 
1b, 2a and 2b have also been extensively investigated. The reactions were carried out in 
refluxing dichloromethane affording clusters with varying structures and chemical 
properties in comparison with those obtained from reactions with the homologue 
Ir(CO)2(η5-C5Me4R) (R = H, Me). MoRhIr3(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) possesses 
a type (i) metal core geometry with two iridium atoms and a molybdenum atom defining 
the equatorial plane of the trigonal-bipyramid, whereas MoRhIr3(µ-CO)2(CO)8(η5-
C5H5)(η5-C5Me4H) (7) possesses a core geometry of type (ii) with three iridium atoms 
defining the equatorial plane of the trigonal-bipyramid.[17] Reaction of Rh(CO)2(η5-
C5HMe4) with 2b was investigated, affording the two isomers W2RhIr2(µ-CO)3(CO)6(η5-
C5H5)2(η5-C5HMe4) (11) and W2RhIr2(µ-CO)4(CO)5(η5-C5H5)2(η5-C5HMe4) (12) that 
could be separated by TLC, together with a hexanuclear cluster W2Rh2Ir2(CO)8(η5-
C5H5)2(η5-C5HMe4)2 in a trace amount.[15] 11 and 12 are permutational isomers that 
slowly interconvert in solution by a cluster metal vertex exchange. A proposed 
mechanism for the interconversion proceeds via Rh−Ir and Rh−W bond cleavage and 
reformation. The permutational isomers display differing optical power limiting behavior. 
The Mo analogues of 11 and 12 were also prepared, but were not separable by TLC.  
Phosphines and alkynes are arguably the archetypal substrates for exploring two-electron 
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donor ligand and cluster bound C-ligand chemistry, respectively, while isocyanides CNR 
are carbonyl-like ligands with considerable flexibility in composition. The reaction of 8 
with 2,6-dimethylphenyl isocyanide in refluxing THF or CH2Cl2 led to the substitution 
of one carbonyl ligand from one of the less-sterically hindered iridium atoms and the 
subsequent formation of Mo2Ir3(µ-CO)3(CO)5(CNC6H3Me2-2,6)(η5-C5H5)2(η5-C5Me5) 
(13).[10] Addition of excess PPh3 to 11 or 12 afforded the phosphine-substituted product 
W2RhIr2(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5HMe4) (14) with the same core metal 
disposition as that of 12, but with an effective site-exchange of the apical W with an 
equatorial Ir.[15] The reaction of an alkyne reagent MeO2CC≡CCO2Me with Mo2RhIr2(µ-
CO)3(CO)6(η5-C5H5)2(η5-C5Me5) in refluxing CH2Cl2 afforded the type (vi) edge-bridged 
butterfly cluster Mo2RhIr2(µ4-η2-C2(CO2Me)2)(µ-CO)4(CO)4(η5-C5H5)2(η5-C5Me5) 
(20).[16] 20 results from insertion of C2(CO2Me)2 into the Mo−Mo bond, accompanied by 
the cleavage of one of the Rh−Ir bonds and formation of a µ4-η2 alkyne ligand. Reaction 
of one equivalent of diphenylacetylene with 8 proceeded in refluxing toluene over one 
hour, affording the type (x) cluster Mo2Ir3(µ4-η2-PhC2Ph)(µ3-CPh)2(CO)4(η5-C5H5)2(η5-
C5Me5) (21).[10] The metal core of 21 adopts a distorted square-based pyramidal geometry 
in which one of the equatorial Ir–Ir bonds from the trigonal-bipyramidal precursor has 
been cleaved. Examples of µ4–η2-PhC2Ph ligands have been identified with both the 
tetrahedral and trigonal-bipyramidal clusters; in the former case [Mo2Ir2(µ4–η2-
PhC2Ph)(µ-CO)4(CO)4(η5-C5H5)2],[21] the C2 vector is parallel to an intact Ir–Ir linkage, 
forming a pseudo-octahedral Mo2Ir2C2 core, while in the latter case (21), the C2 vector is 
perpendicular to a cleaved Ir–Ir linkage, the Mo2Ir3C2 forming a distorted pentagonal-
bipyramid.  
Phosphine substitution and alkyne addition at type (i) clusters were also examined. The 
products kept the same core metal disposition as their starting clusters, and no metal-
metal bond cleavage was seen. For example, the phosphine-substituted product WIr4(µ-
CO)3(CO)6(PPh3)(η5-C5H5)(η5-C5Me5) (4) resulted from PPh3 replacing one of the 
sterically less hindered CO ligands ligated to the apical iridium atom in 3.[10] The structure 
of the alkyne-insertion product WIr4(µ3-η2-PhC2C6H4R)(µ3-CO)2(CO)6(η5-C5H5)(η5-
C5Me5) (5) reveals that alkyne ligands are coordinated in a classic µ3–η2 fashion across 
the Ir3 face that is the least sterically hindered.[10] 
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Figure 2. Structures of 17–29. 
A well-developed route to the synthesis of medium- and high-nuclearity mixed-metal 
clusters is the reaction of metal alkylidene or alkylidyne complexes with bimetallic 
complexes or metal clusters, giving a number of “ chain” and “ star” clusters as well as 
more condensed species.[23] Reactions between Mo(≡CC6H4OMe-4)(CO)2Tp (Tp = η3-
(N2C3H3)3BH) and Mo2Ir2(µ-CO)3(CO)7(η5-C5HR4)2 (R = H, Me) in refluxing toluene 
afforded Mo3Ir2(µ4-C)(µ3-CC6H4OMe-4)(µ-O)(CO)6Tp(η5-C5H5)2 (17) and Mo3Ir2(µ3-
CC6H4OMe-4)(µ3-η2-CO)(µ-CO)(CO)6Tp(η5-C5Me4H)2 (18).[13] 18 possesses a spiked-
tetrahedral (type (vii)) core geometry due to the sterically demanding 
tetramethylcyclopentadienyl ligands, while that of 17 has an edge-bridged tetrahedral 
(type (viii)) core geometry. The diverse structures of 17 and 18 are indicative of the strong 
dependency on the cluster-bound cyclopentadienyl ligands. 
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The reaction of W(C≡CPh)(CO)3(η5-C5H5) with WIr3(CO)11(η5-C5Me5) afforded 
W2Ir3(µ4-η2-C2Ph)(µ-CO)(CO)9(η5-C5H5)(η5-C5Me5) (19) and W3Ir3(µ4-η2-C2Ph)(µ-η2-
C=CHPh)(Cl)(CO)8(η5-C5H5)2(η5-C5Me5) (22).[12] X-ray diffraction studies showed that 
19 and 22 possess edge-bridged tetrahedral (type (ix)) and edge-bridged trigonal-
bipyramidal (type (xi)) metal core geometries, respectively. 19 forms by insertion of 
[W(C≡CPh)(CO)3(η5-C5Me5)] into the Ir−Ir and the W−Ir bonds, accompanied by a 
change in coordination mode from a terminally bonded alkynyl to a µ4-η2 alkynyl ligand. 
22 contains an alkynyl ligand interacting with two iridium atoms and two tungsten atoms 
in a µ4-η2 fashion, as well as a vinylidene ligand bridging  a W−W bond.  
Thermolysis of 2a in refluxing toluene afforded small amounts of Mo3Ir3(µ4-η2-CO)(µ3-
CO)(CO)10(η5-C5H5)3 (25). Reaction of 25 with Rh(CO)2(η5-C5Me5) in refluxing 
dichloromethane gave Mo3RhIr3(µ-CO)4(CO)7(η5-C5H5)3(η5-C5Me5) (26).[18] X-ray 
diffraction studies of 25 and 26 showed that the metal cores adopt edge-bridged trigonal-
bipyramidal (type (xi)) and bicapped trigonal-bipyramidal (type (xiii)) structures, 
respectively. Cluster 26 is electron precise with 96 CVE, in contrast to the only precedent 
group 6-group 9 mixed-metal cluster with an identical core geometry, the 94 CVE 
W3Ir4(µ-H)(CO)12(η5-C5H5)3 (27).[20] DFT studies have rationalized the contrasting 
behavior of 26 and 27. 
Another edge-bridged trigonal-bipyramidal cluster W3Ir3(µ4-η2-CO)(µ-CO)(CO)10(η5-
C5H4Me)3 (23) with a µ4-η2-CO ligand has the longest carbonyl CO distance thus far 
observed.[22] The hexanuclear cluster W2Rh2Ir2(µ3-CO)(µ-CO)3(CO)4(η5-C5H5)2(η5-
C5HMe4)2 (16) possesses a capped trigonal-bipyramidal (type (xii)) core geometry with 
the two Rh(η5-C5HMe4) caps on a Mo2Ir2 tetrahedral core, one at each of the Mo2Ir and 
MoIr2 faces that are capped to afford the pentanuclear isomers. [15] 
The reaction of Ir(CO)2(η5-C5HMe4) with excess 2a in refluxing toluene afforded 
Mo3Ir3(µ3-O)(µ-CO)3(CO)8(η5-C5H5)3 (24), Mo4Ir4(µ-CO)4(CO)9(η5-C5H5)4 (28) and 
Mo3Ir5(µ-CO)3(Cl)(CO)6(η5-C5H5)3(η5-C5HMe4) (29).[14] 28 possesses a capped 
pentagonal-bipyramidal (type (xiv)) core geometry and 106 CVE that is four less than the 
PSEPT-expected count for a capped pentagonal-bipyramidal cluster with the apical atoms 
within bonding distance. 29 possesses a tetracapped tetrahedral (type (xv)) core geometry 
and 102 CVE, which is six less than the PSEPT-predicted electron count.[24] 
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1.2 Objects and outline of the publications  
This thesis is comprised of nine scientific articles, which display synthesis and reactivity 
of medium-nuclearity clusters of group 6 (Mo, W) and group 9 (Rh, Ir) (Publications 1-
7), investigations on tetranuclear Mo-Ir clusters (Publication 8), and homometallic 
iridium clusters (Publication 9). An overview of each publication is given below.  
1.2.1 Publication 1 
 
 
Scheme 2. Syntheses of 1 to 5 in Publication 1.  
We explored the utility of Ir(CO)2(η5-C5Me4R) (R = H, Me) as capping reagents to 
increase core-nuclearity in the Mo/W−Ir system. A series of pentanuclear clusters with 
trigonal-bipyramidal core geometry was synthesized by core expansion reactions of 
Mo/W-Ir tetrahedral clusters with Ir(CO)2(η5-C5Me4R) (R = H, Me) in refluxing toluene 
(Scheme 2). Reactions of MIr3(CO)11(η5-C5H5) (M =  W, Mo) with Ir(CO)2(η5-C5Me4R) 
(R = H, Me) afforded the trigonal-bipyramidal clusters MIr4(µ-CO)3(CO)7(η5-C5H5)(η5-
C5Me4R) (M = Mo, R = Me, 1a;  M = W, R = Me, 1b; M = Mo, R = H, 1c; M = W, R = 
H, 1d). Similar reactions of M2Ir2(CO)10(η5-C5H5)2 (M = W, Mo) with Ir(CO)2(η5-
C5Me4R) (R = H, Me) afforded M2Ir3(µ-CO)3(CO)6(η5-C5H5)2(η5-C5Me4R) (M = Mo, R 
= Me, 3a; M = W, R = Me, 3b; M = Mo, R = H, 3c; M = W, R = H, 3d) and W2Ir3(µ-
CO)4(CO)5(η5-C5H5)2(η5-C5Me4H) (4). The sterically more demanding tetranuclear 
precursor MoIr3(µ-CO)3(CO)8(η5-C5Me5) reacted with excess Ir(CO)2(η5-C5Me5) to give 
a major product MoIr4(µ-H)(µ-CO)2(CO)7(µ-η1:η5-CH2C5Me4)(η5-C5Me5) (2), while 
reaction of Mo2Ir2(µ-CO)3(CO)7(η5-C5Me5)2 with excess Ir(CO)2(η5-C5Me5) afforded 
Mo2Ir3(µ-CO)4(CO)5(η5-C5Me5)3 (5). Single-crystal X-ray diffraction studies of 1a−1d, 
Ir
M
Ir
Ir
M
Ir
Ir
Ir
Ir
Ir
M = Mo, W
Ir
M
Ir
Ir
Ir
Ir
toluene
reflux
Ir
Mo
Ir
Ir
Ir
toluene
reflux
Ir
Mo
Ir
Ir
Ir
H
M
M
Ir
Ir
Ir
M
M
Ir
Ir
Ir Ir
toluene
reflux
M
M
Ir
Ir
Ir
M = Mo, W
W
Ir
W
Ir
Ir
+ Mo
Ir
Mo
Ir
Ir
Mo
Mo
Ir
Ir
Ir
toluene
reflux
M = Mo 1a, 68%              1c, 27%
M = W  1b, 28%              1d, 28% 2, 67%
M = Mo 3a, 83%              3c, 68%
M = W  3b, 90%              3d, 10%
4, 36% 5, 57%
	  	   11	  
2, 3a−3d, and 4 confirmed their molecular structures. 1−4 possess trigonal-bipyramidal 
core geometries with the group 6 metals ligated by η5-cyclopentadienyl/η5-
pentamethylcyclopentadienyl groups and the incoming Ir(CO)2(η5-C5Me4R) (R = H, Me) 
unit either in an apical site, capping one of the MIr2 (M = Mo, W: 1a−1d, 3a−3d) or W2Ir 
(4) faces, or in an equatorial site (2). The clusters contain three or four bridging and six 
or seven terminally bound carbonyl ligands. All possess 72 cluster valence electrons, and 
so are EAN-precise for M5 clusters possessing nine M−M bonds. The structure of 5 was 
suggested by DFT calculations as corresponding to the lowest energy of all possible 
structures that are consistent with 1H NMR spectroscopy and the mass spectrum of 5. 
Cyclic voltammetric studies revealed that the oxidation processes are increasingly 
reversible on decreasing Ir percentage of the clusters, replacing W by Mo, and increasing 
alkylation of the cyclopentadienyl ligands. In situ IR and UV−vis−near−IR (NIR) 
spectroelectrochemical studies of the reversible oxidation processes in 1a and 3a 
suggested progression to an all-terminal CO geometry concomitant with the first 
oxidation and a significant structural change upon the second oxidation step. DFT studies 
have revealed that the crystallographically confirmed Mo-equatorial core geometry of 1a 
is essentially isoenergetic with a possible Mo-apical isomer. 	  
1.2.2 Publication 2 
 
Scheme 3. Syntheses of 3−6 in Publication 2. 
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Scheme 4. Syntheses of 7−10 in Publication 2.  
The phosphine, isocyanide, and alkyne chemistry of carbonyl clusters are of fundamental 
importance. Phosphines are typical two-electron ligands, isocyanides CNR are carbonyl-
like ligands with peripheral R group flexibility, and alkynes are good candidates to probe 
C-C cleavage and formation processes relevant to catalyses such as Fischer-Tropsch. 
Publication 2 demonstrated phosphine, isocyanide, and alkyne reactivity at several 
pentanuclear clusters that are reported in Publication 1 (Schemes 3 and 4).  
The trigonal-bipyramidal clusters M2Ir3(µ-CO)3(CO)6(η5-C5H5)2(η5-C5Me4R) (M = Mo, 
R = Me 1a, R = H; M = W, R = Me, H) reacted with isocyanides to give the ligand 
substitution products M2Ir3(µ-CO)3(CO)5(CNR')(η5-C5H5)2(η5-C5Me4R) (M = Mo, R = 
Me, R' = C6H3Me2-2,6 3a; M = Mo, R = Me, R' = tBu 3b), in which core arrangements 
are maintained, while reactions with PPh3 afforded M2Ir3(µ-CO)4(CO)4(PPh3)(η5-
C5H5)2(η5-C5Me4R) (M = Mo, R = Me 4a; M = W, R = Me 4b; M = Mo, R = H 4c; M = 
W, R = H 4d), with effective site-exchange of the precursors’ apical Mo/W with an 
equatorial Ir in the trigonal-bipyramidal core. Similar reactions of trigonal-bipyramidal 
MIr4(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) (M = Mo, 2a; M = W, 2b ) with PPh3 afforded 
the mono-substitution products MIr4(µ-CO)3(CO)6(PPh3)(η5-C5H5)(η5-C5Me5) (M = Mo 
5a; M = W, 5b), and further reaction of 5a with excess PPh3 afforded the di-substituted 
cluster MoIr4(µ3-CO)2(µ-CO)2(CO)4(PPh3)2(η5-C5H5)(η5-C5Me5) (6). Reaction of 1a 
with diphenylacetylene afforded Mo2Ir3(µ4-η2-PhC2Ph)(µ3-CPh)2(CO)4(η5-C5H5)2(η5-
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C5Me5) (7a) via alkyne coordination and C≡C cleavage. Reactions of 2a and 2b with 
PhC≡CR proceeded with retention of core skeleton, affording MIr4(µ3-η2-PhC2R)(µ3-
CO)2(CO)6(η5-C5H5)(η5-C5Me5) (M = Mo, R = Ph 8a; M = W, R = Ph 8b; M = W, R = 
H 8c; M = W, R = C6H4(C2Ph)-3 9a;  M = W, R = C6H4(C2Ph)-4 9b), while addition of 
0.5 equivalents of the diynes 1,3-C6H4(C2Ph)2 and 1,4-C6H4(C2Ph)2 to 2b gave the linked 
clusters  [WIr4(CO)8(η5-C5H5)(η5-C5Me5)]2(µ6-η4-PhC2C6H4(C2Ph)–X) (X = 3, 10a; X = 
4 10b).  
The structures of 3a, 4a-4c, 5b, 6, 7a, 8a, 8b and 9a were determined by single-crystal 
X-ray diffraction studies. Cyclic voltammetric studies revealed that for clusters 3-6, ease 
of oxidation increases on increasing donor strength of ligand, increasing extent of ligand 
substitution, replacing Mo by W, and decreasing core Ir content, while for clusters 7-9, 
ease of oxidation increases on replacing W by Mo, decreasing the Ir content, and 
proceeding from diyne to mono-yne, although differences are minor for the latter two. 
Overall, the incorporation of isocyanides, phosphines, or alkyne into these pentanuclear 
clusters results in an increased ease of oxidation, and thereby tunes the electron richness 
of the clusters. In situ UV-vis-near-IR spectroelectrochemical studies of the 
(electrochemically reversible) reduction process of 8b showed an overall featureless 
spectrum following reduction. 
1.2.3 Publication 3 
 
Scheme 5. Synthesis of Mo3Ir3(µ3-O)(µ-CO)3(CO)8(η5-C5H5)3 (1), Mo4Ir4(µ-
CO)4(CO)9(η5-C5H5)4 (2) and Mo3Ir5(µ-CO)3(CO)6(η5-C5H5)3(η5-C5HMe4)Cl (3) in 
Publication 3. 
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We demonstrated the synthesis and reactivity of Mo/W−Ir pentanuclear clusters in 
Publications 1 and 2, and in Publication 3 reported the synthesis and structural 
characterization of several higher-nuclearity Mo−Ir clusters. Mo2Ir3(µ-CO)3(CO)6(η5-
C5H5)2(η5-C5Me4H) was obtained by the reaction of more than one equivalent of 
Ir(CO)2(η5-C5HMe4) with Mo2Ir2(µ-CO)3(CO)7(η5-C5H5)2 in refluxing toluene for one 
hour. On modifying the reaction conditions, in the present studies, less than one 
equivalent of Ir(CO)2(η5-C5HMe4) was reacted with Mo2Ir2(µ-CO)3(CO)7(η5-C5H5)2 in 
refluxing toluene for one and a half hours to afford a complex mixture from which three 
structurally-characterized products were obtained following thin-layer chromatography 
(Scheme 5). Mo3Ir3(µ3-O)(µ-CO)3(CO)8(η5-C5H5)3 (1) is EAN-precise and possesses an 
edge-bridged trigonal-bipyramidal core with the face-capping oxo ligand located in a 
Mo2Ir2 butterfly cleft in the structure. Mo4Ir4(µ-CO)4(CO)9(η5-C5H5)4 (2) possesses four 
electrons less than the polyhedral skeletal electron pair theory (PSEPT)-expected count 
for a capped pentagonal-bipyramidal cluster. Mo3Ir5(µ-CO)3(Cl)(CO)6(η5-C5H5)3(η5-
C5HMe4) (3) possesses six electrons less than the PSEPT-predicted electron count for a 
tetracapped tetrahedral cluster. The core geometries exhibited by clusters 2 and 3 are 
uncommon, with the literature precedents being group 10 or group 11 metal-rich.  
1.2.4 Publication 4 
The aforementioned publications presented Mo/W−Ir medium-nuclearity clusters 
synthesized from reactions of capping reagents Ir(CO)2(η5-C5Me4R)(R = H, Me) with 
tetranuclear clusters. In Publication 4, we reported the result of similar reactions with the 
capping reagents Rh(CO)2(η5-C5Me4H). 
	  
Scheme 6. Synthesis of W2RhIr2(µ-CO)3(CO)6(η5-C5H5)2(η5-C5HMe4) (1a), W2RhIr2(µ-
CO)4(CO)5(η5-C5H5)2(η5-C5HMe4) (2a), and W2Rh2Ir2(CO)8(η5-C5H5)2(η5-C5HMe4)2 
(3a) in Publication 4. 
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Scheme 7. Synthesis of Mo2RhIr2(µ-CO)3(CO)6(η5-C5H5)2(η5-C5HMe4) (1b), 
Mo2RhIr2(µ-CO)4(CO)5(η5-C5H5)2(η5-C5HMe4) (2b), and Mo2Rh2Ir2(CO)8(η5-C5H5)2(η5-
C5HMe4)2 (3b) in Publication 4. 
The reaction of W2Ir2(CO)10(η5-C5H5)2 with an excess of Rh(CO)2(η5-C5HMe4) in 
refluxing CH2Cl2 afforded three clusters: isomers W2RhIr2(µ-CO)3(CO)6(η5-C5H5)2(η5-
C5HMe4) (1a, dark green) and W2RhIr2(µ-CO)4(CO)5(η5-C5H5)2(η5-C5HMe4) (2a, red), 
and W2Rh2Ir2(CO)8(η5-C5H5)2(η5-C5HMe4)2  (3a, black) (Scheme 6). A similar reaction 
of Mo2Ir2(µ-CO)3(CO)7(η5-C5H5)2 with excess Rh(CO)2(η5-C5HMe4) afforded 
pentanuclear clusters Mo2RhIr2(CO)9(η5-C5H5)2(η5-C5HMe4) (1b/2b) and Mo2Rh2Ir2(µ3-
CO)(µ-CO)3(CO)4(η5-C5H5)2(η5-C5HMe4)2 (3b) (Scheme 7). 1a and 2a were conclusively 
identified by single-crystal X-ray diffraction studies. 1a and 2a both possess trigonal-
bipyramidal core geometries; one tungsten atom is at an apical site and the other at an 
equatorial site in 1a, while both tungsten atoms are located at equatorial sites in 2a (Figure 
3). The molybdenum-containing clusters 1b and 2b were not separable by TLC; however, 
1b could be crystallized from the mixture and was shown to be isostructural with 1a, 
while spectroscopic data suggest that 2b is isostructural with 2a. The single-crystal X-ray 
diffraction study of 3b reveals two Rh(η5-C5HMe4) caps on a Mo2Ir2 tetrahedral core. 
                 
Figure 3. ORTEP plots and atom numbering schemes for W2RhIr2(µ-CO)3(CO)6(η5-
C5H5)2(η5-C5HMe4) (1a) (left) and W2RhIr2(µ-CO)4(CO)5(η5-C5H5)2(η5-C5HMe4) (2a) 
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(right). Displacement ellipsoids are shown at the 40% probability level. Hydrogen atoms 
have been omitted for clarity. 
  
Figure 4. Proposed mechanism for 1a      2a (metal cluster core atoms only). 
Isomerization between 1a and 2a has been observed by visual color changes and studied 
by time-dependent NMR spectroscopy by varying temperature and solvent. 
Permutational isomers of trigonal-bipyramidal W2RhIr2(CO)9(η5-C5H5)2(η5-C5HMe4) 
result from competitive capping of Rh(η5-C5HMe4) to either a W2Ir or a WIr2 face of the 
tetrahedral cluster W2Ir2(CO)10(η5-C5H5)2. The permutational isomers slowly 
interconvert in solution; the proposed mechanism proceeds via Rh−Ir and Rh−W bond 
cleavage and reformation, and the intermediacy of an edge-bridged tetrahedral transition 
state (Figure 4). The phosphine substitution reactions reveal that replacement of CO by 
PPh3 occurs at one permutational isomer, while optical limiting studies of permutational 
isomers show distinct optical power limiting behavior.  
1.2.5 Publication 5 
Following the research summarized above, we report further studies exploring the utility 
of Rh(CO)2(η5-C5Me5) as a capping agent in core enlargement reactions at Mo/W-Rh-Ir 
clusters, and phosphine and alkyne reactivity at the resultant and previously reported 
(Publication 4) Mo/W−Rh−Ir pentanuclear clusters. 
 
Scheme 8. Reaction of Rh(CO)2(η5-C5Me5) with M2Ir2(CO)10(η5-C5H5)2  (M = Mo 1, M 
= W, 2) in Publication 5. 
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Scheme 9. Reaction of Rh(CO)2(η5-C5Me4H) with M2Ir2(CO)10(η5-C5H5)2 (M = Mo 1, 
M = W, 2) in Publication 5. 
 
 PPh3 (a) P(C6H4Me-4)3 (b) P(C6H2Me2-3,5-OMe-4)3 (c) 
M = Mo, R = CH3  3a, 41%;  3b, 69%;  3c, 70% 
M = W,   R = CH3  4a, 53%;  4b, 71%;  4c, 74% 
M = Mo, R = H      5a, 55%;  5b, 68%;  5c, 77% 
M = W,   R = H      6a, 81%;  6b, 78%;  6c, 57% 
 
Scheme 10. Reactions of phosphine ligands with pentanuclear clusters in Publication 5. 
 
 
Scheme 11. Synthesis of Mo2RhIr2(µ4-η2-C2(CO2Me)2)(µ-CO)4(CO)4(η5-C5H5)2(η5-
C5Me5) in Publication 5.  
The reaction of Rh(CO)2(η5-C5Me5) with M2Ir2(CO)10(η5-C5H5)2 (M = Mo, 1; M = W, 2) 
was carried out in refluxing CH2Cl2, affording M2RhIr2(µ-CO)3(CO)6(η5-C5H5)2(η5-
C5Me5) (M = Mo, 3; M = W, 4) (Scheme 8). Analogous reactions of the related 
Rh(CO)2(η5-C5Me4H) with 1 or 2 in refluxing CH2Cl2 were investigated in Publication 4. 
The products are M2RhIr2(µ-CO)3(CO)6(η5-C5H5)2(η5-C5HMe4) (M = Mo, 5; M = W, 6), 
M2RhIr2(µ-CO)4(CO)5(η5-C5H5)2(η5-C5HMe4) (M = Mo, 5’; M = W, 6’) and 
M2Rh2Ir2(µ3-CO)(µ-CO)3(CO)4(η5-C5H5)2(η5-C5HMe4)2 (M = Mo, 7a; M = W, 7b) 
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(Scheme 9). Three phosphine ligands PPh3 (a), P(C6H4Me-4)3 (b) and P(C6H2Me2-3,5-
OMe-4)3 (c) with different electron donation abilities were reacted with pentanuclear 
clusters 3, 4, a 5/5’ mixture, and 6 in refluxing THF, affording isostructural 3a-3c, 4a-4c, 
5a-5c and 6a-6c as assigned from their similar IR and 1H NMR spectra (Scheme 10). 
Reaction of MeO2CC≡CCO2Me with 3 in refluxing toluene afforded Mo2RhIr2(µ4-η2-
C2(CO2Me)2)(µ-CO)4(CO)4(η5-C5H5)2(η5-C5Me5)(3e) (Scheme 11). 
Single-crystal X-ray diffraction studies revealed the molecular compositions of 3, 4, 3a, 
3b, 3c, 4a, 4b, 5a, 5b and 6a. The metal cores of 3 and 4 exhibit trigonal-bipyramidal 
geometries with the group 6 metals ligated by η5-cyclopentadienyl groups and the 
incoming Rh(η5-C5Me5) unit capping one of the MIr2 (M = Mo, W) faces. 3a, 3b, 3c, 4a, 
4b, 5a, 5b and 6a all possess trigonal-bipyramidal core geometries with the group 6 
metals ligated by η5-cyclopentadienyl groups, and the rhodium atom ligated by η5-
cyclopentadienyl ligands with varying degrees of alkylation, and the apical iridium atom 
ligated by the phosphine ligands. The cores result from a formal isomerization 
corresponding to interchange of an apical Mo/W and equatorial Ir. The metal core of 3e 
adopts an edge-bridged butterfly geometry resulting from cleavage of the Mo−Mo bond 
and one of the Ir−Rh bonds of the trigonal-bipyramidal precursor. 
The single resonance in the 31P NMR spectra of the phosphine-substituted products moves 
downfield on proceeding from P(C6H2-3,5-Me-4-OMe)3 and P(C6H4Me-4)3 to PPh3 and 
from co-ligand C5Me5 to C5Me4H, and on replacing tungsten with molybdenum, 
consistent with a decrease in the cluster core electron richness. The variable-temperature 
1H and 31P NMR spectroscopy studies of W2RhIr2(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-
C5Me5) (4a) demonstrated that there are two isomers in solution. In situ IR 
spectroelectrochemical studies of the two reversible oxidation processes in 4a suggested 
progressive appearance of higher-energy terminal carbonyl bands concomitant with the 
first oxidation and a significant structural change upon the second oxidation step. Cyclic 
voltammetric studies revealed that for all the phosphine-substituted clusters, the oxidation 
behavior is more reversible than the reductive behavior, with those clusters possessing 
tungsten atoms exhibiting two fully reversible oxidation processes, while those including 
molybdenum atoms do not; the potential of the reversible and quasi-reversible oxidations 
increases upon replacing tungsten by molybdenum, and replacing 
pentamethylcyclopentadienyl by tetramethylcyclopentadienyl.  
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1.2.6 Publication 6 
We further explored the synthesis of Mo/W−Rh−Ir medium-nuclearity clusters by 
reacting the capping reagents Rh(CO)2(η5-C5Me4R) (R = H, Me) with the tetranuclear 
clusters MIr3(CO)11(η5-C5H5) (M = Mo, W), and examined the phosphine and alkyne 
chemistry of the pentanuclear clusters that were obtained (Scheme 12, 13, 14 and 15). 
 
Scheme 12. Reactions of Rh(CO)2(η5-C5Me5) with MoIr3(µ-CO)3(CO)8(η5-C5H5) and 
WIr3(CO)11(η5-C5H5) in Publication 6.  
 
Scheme 13. Reactions of Rh(CO)2(η5-C5HMe4) with MoIr3(µ-CO)3(CO)8(η5-C5H5) and 
WIr3(CO)11(η5-C5H5) in Publication 6. 
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Scheme 14. Reaction of WIr3Rh(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) with PPh3 in 
Publication 6. 
 
Scheme 15. Synthesis of WRhIr3(µ3-η2-PhC2Ph)(µ3-CO)2(CO)6(η5-C5H5)(η5-C5Me5) in 
Publication 6. 
The reactions of MIr3(µ-CO)3(CO)8(η5-C5H5) (M = Mo, 1; M = W, 2) with Rh(CO)2(η5-
C5Me5) in refluxing CH2Cl2 afforded one major product MIr3Rh(µ3-CO)(µ-
CO)3(CO)6(η5-C5H5)(η5-C5Me5) (M = Mo, 3a; M = W, 3b) and one minor product 
MRh2Ir3(CO)9(η5-C5H5)(η5-C5Me5)2 (M = Mo, 4a;M = W, 4b) (Scheme 12). Similar 
reactions with related Rh(CO)2(η5-C5HMe4) afforded one major product MRhIr3(µ-
CO)2(CO)8(η5-C5H5)(η5-C5HMe4) (M = Mo, 3c; M = W, 3d) and one minor product 
MRh2Ir3(CO)9(η5-C5H5)(η5-C5HMe4)2 (M = Mo, 4c; M = W, 4d) (Scheme 13). Addition 
of one equivalent of PPh3 to 3b in CH2Cl2 afforded the phosphine-substituted product 
WRhIr3(µ-CO)3(CO)6(PPh3)(η5-C5H5)(η5-C5Me5) (5), while addition of excess PPh3 to 
3b afforded 5 and a bis-phosphine-substituted product WRhIr3(µ3-CO)(µ-
CO)3(CO)4(PPh3)2(η5-C5H5)(η5-C5Me5) (6) (Scheme 14). The reaction of 
diphenylacetylene with 3b proceeded in CH2Cl2, giving one major product WRhIr3(µ3-
η2-PhCCPh)(µ3-CO)2(CO)6(η5-C5H5)(η5-C5Me5) (7). 
The structures of 3a−3c, 5, 6 and 7 were determined by single-crystal X-ray diffraction 
studies. The metal cores of 3a, 3b and 3c all adopt trigonal-bipyramidal geometries with 
the group 6 metals (Mo, W) ligated by η5-cyclopentadienyl groups and the rhodium atom 
ligated by an alkylated cyclopentadienyl ligand. In 3a and 3b, the incoming Rh(η5-
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C5Me5) unit caps one of the MIr2 (M = Mo, W) faces, whereas in 3c, the incoming Rh(η5-
C5HMe4) unit caps the Ir3 face. 5, 6 and 7 adopt the same metal core geometry as 3b. The 
phosphine ligands substitute sterically less hindered CO ligands in 5 and 6. In 7, the 
alkyne ligand is coordinated in a classic µ3–η2 fashion across the Ir3 face that is the least 
sterically hindered.  
Cyclic voltammetry studies revealed that the reduction behavior of the clusters (with 
respect to the resting state) is more reversible than the oxidation behavior. Where data for 
reversible processes exist for 3a−3d, a small cathodic shift in the reduction potential is 
seen on upon replacing molybdenum to tungsten, or replacing a 
tetramethylcyclopentadienyl with a pentamethylcyclopentadienyl coligand. The 
reversibility in reduction behavior of 5 and 6 is significantly reduced compared with that 
of the parent cluster 3b. The reduction processes of the alkyne addition product 7 are 
reversible. 
1.2.7 Publication 7 
Publications 4-6 detail the synthesis and structural characterization of pentanuclear 
Mo/W−Rh−Ir clusters, together with one hexanuclear cluster. Publication 7 reports the 
synthesis and structure of a heptanuclear cluster Mo3RhIr3(µ-CO)4(CO)7(η5-C5H5)3(η5-
C5Me5) and theoretical studies rationalizing its stability.  
 
Scheme 16. Synthesis of Mo3Ir3(µ4-η2-CO)(µ3-CO)(CO)10(η5-C5H5)3 (1) in Publication 7. 
 
Scheme 17. Synthesis of Mo3Ir3Rh(µ-CO)4(CO)7(η5-C5H5)3(η5-C5Me5) (2) in Publication 
7. 
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Thermolysis of Mo2Ir2(µ-CO)3(CO)7(η5-C5H5)2 in refluxing toluene for 30 minutes 
afforded a complex mixture of products, the major product being identified as Mo3Ir3(µ4-
η2-CO)(µ3-CO)(CO)10(η5-C5H5)3 (1). Further reaction of 1 with Rh(CO)2(η5-C5Me5) in 
refluxing CH2Cl2 for 24 hours provided Mo3RhIr3(µ-CO)4(CO)7(η5-C5H5)3(η5-C5Me5) (2). 
The metal core of 1 adopts an edge-bridged trigonal-bipyramid geometry with the 
molybdenum atoms each ligated by a η5-cyclopentadienyl ligand. The cluster possesses 
86 CVE and is EAN precise for an M6 cluster with 11 M−M bonds. 2 possesses a bicapped 
trigonal-bipyramidal geometry, which is very unusual for heptametallic clusters, most of 
the literature precedents being gold-rich clusters. 2 has 96 CVE, electron-precise by 
PSEPT for a bicapped trigonal-bipyramidal cluster, whereas W3Ir4(µ-H)(CO)12(η5-C5H5)3 
(3) is 2-electrons deficient and related to 2 by conceptual replacement of one of the Ir 
atoms with a Rh atom and the W atoms with Mo atoms. Free energy calculations of 2 and 
3 were undertaken to rationalize their stability. Cyclic voltammetric studies revealed that 
1 is more easily oxidized than 2, suggesting that ease of oxidation increases on increasing 
molybdenum content. 
1.2.8 Publication 8 
Humphrey and co-workers have previously reported studies of the phosphine and alkyne 
chemistry of the tetrahedral molybdenum-iridium carbonyl clusters MoIr3(µ-
CO)3(CO)8(η5-C5H5)2 and Mo2Ir2(µ3-CO)(µ-CO)5(CO)4(η5-C5H5)2, and related clusters 
possessing varying degrees of cyclopentadienyl alkylation.[8b, 21, 25] In continuing studies 
of this system, we explored alkyne chemistry at a phosphine-substituted cluster and the 
impact of different phosphine ligands ligated to Mo2Ir2(µ3-CO)(µ-CO)5(CO)4(η5-C5H5)2 
on optical limiting properties. 
 
Scheme 18. Syntheses of Mo2Ir2(µ-CO)3(CO)6{P(C6H4Me-4)3}(η5-C5H5)2 (3) and 
Mo2Ir2(µ-CO)3(CO)6{P(C6H2Me2-3,5-OMe-4)3}(η5-C5H5)2 (4) in Publication 8. 
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Scheme 19. Synthesis of Mo2Ir2(µ-CO)3(AsPh3)(CO)6(η5-C5H5)2 (5a and 5b) in 
Publication 8. 
 
Scheme 20. Synthesis of Mo2Ir2(µ4-η2-HC2SiPri3)(µ-CO)4(CO)4(η5-C5H5)2 (6) in 
Publication 8. 
 
Scheme 21. Synthesis of MoIr3(µ4-η2-HC2SiMe3)(µ-CO)3(CO)4(PPh3)2(η5-C5H5) (8) in 
Publication 8. 
Tetrahedral Mo2Ir2(µ3-CO)(µ-CO)5(CO)4(η5-C5H5)2 (1) reacted with P(C6H4Me-4)3, 
P(C6H2Me2-3,5-OMe-4)3, and AsPh3 to afford the substitution products Mo2Ir2(µ-
CO)3(CO)6(L)(η5-C5H5)2 [L = P(C6H4Me-4)3 (3), P(C6H2Me2-3,5-OMe-4)3 (4), AsPh3 
(5)] (Scheme 18 and 19). The reaction of 1 with HC≡CSiPri3 provided Mo2Ir2(µ4-η2-
HC2SiPri3)(µ-CO)4(CO)4(η5-C5H5)2 (6). MoIr3(µ-CO)3(CO)7(η5-C5H5) reacted with 
HC≡CSiMe3 to give a complex mixture of thus-far-uncharacterized products, whereas its 
phosphine substitution product MoIr3(µ-CO)3(CO)5(PPh3)2(η5-C5H5) reacted with the 
same alkyne to afford MoIr3(µ4-η2-HC2SiMe3)(µ-CO)3(CO)4(PPh3)2(η5-C5H5) (8). 
Clusters 4, 5 (two isomers), 6 and 8 have been characterized by single-crystal X-ray 
diffraction studies. 4 and 5 (two isomers) all possess Mo2Ir2 pseudotetrahedral core 
geometries. Cluster 6 and 8 both possess a butterfly core geometry in which the Mo−Mo 
linkage or a Mo−Ir linkage of the tetrahedral precursor has been cleaved, respectively.  
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Cyclic voltammetric studies of Mo2Ir2(µ-CO)3(CO)6(PPh3)(η5-C5H5)2 (2), 3−6 and 8 
revealed that introduction of phosphine or arsine results in an increase in ease of oxidation 
and increase in difficulty of reduction proceeding from 1 to 2−5, as expected from the 
stronger electron-donating capacity of the phosphines/arsine compared to the carbonyl 
ligand. IR spectroelectrochemical studies of 2, 6, and 8 all displayed progressive 
disappearance of the bridging carbonyl and the appearance of terminal carbonyl bands. 
Variable temperature 31P NMR studies of 3 and 4 revealed interconverting isomers in 
solution, the structures of which can be assigned as analogues of the structurally-
confirmed isomers of 5. Z-scan studies of the phosphine- and arsine-substituted clusters 
2-5 revealed that they function as optical power limiters at wavelengths in the visible 
region. 
1. 2. 9 Publication 9 
The thesis research concentrated on studies of mixed-metal clusters comprising metal 
atoms from group 6 and 9. Unexpectedly, two homoiridium clusters Ir4(CO)6(η5-
C5Me4H)2 (1) and Ir7(µ3-CO)3(CO)12(η5-C5Me5) (2) were obtained from pentametallic 
molybdenum-iridium cluster precursors (Scheme 22 and 23). 	  
  
Scheme 22. Synthesis of Ir4(CO)6(η5-C5Me4H) (1) in Publication 9. 
 
Scheme 23. Synthesis of Ir7(µ-CO)3(CO)12(η5-C5Me5) (2) in Publication 9. Dashed lines 
indicate the weak bonding interactions of the semi-face-capping CO ligands.  
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Reaction of Mo2Ir3(µ-CO)3(CO)6(η5-C5H5)2(η5-C5Me5) with Ir(CO)2(η5-C5Me4H) 
afforded the butterfly cluster Ir4(CO)6(η5-C5Me4H)2 (1), while reaction of 
MoIr4(CO)10(η5-C5H5)(η5-C5Me5) with [N(PPh3)2][Ir(CO)4] afforded the capped 
octahedral cluster Ir7(µ3-CO)3(CO)12(η5-C5Me5) (2) which possesses three semi-face-
capping CO ligands. 1 is four-electrons deficient for a butterfly cluster. Theoretical 
studies on its stability suggest that the strong metal-metal bond interactions alleviate the 
electron deficiency. 2 possesses 98 CVE, PSEPT electron-precise for a capped 
octahedron.  
References 
1.   a) D. F. Shriver, H. D. Kaesz, R. D. Adams, Eds. The Chemistry of Metal Cluster 
Complexes, VCH: New York, 1990; b) P. Braunstein, L. A. Oro, P. R. Raithby, 
Metal Clusters in Chemistry Wiley-VCH, Weinheim (Germany) 1999; c) S. M. 
Waterman, N. T. Lucas, M. G. Humphrey, Adv. Organomet. Chem. 2001, 46, 47-
143; d) P. Buchwalter, J. Rosé, P. Braunstein, Chem. Rev. 2015, 115, 28−126. 
2.   a) D. W. Goodman, J. E. Houston, Science 1987, 236, 403−409. b) M. Ichikawa, 
Adv. Catal.1992, 38, 283−400; c) R. D. Adams, F. A. Cotton, Catalysis by Di- 
and Polynuclear Metal Cluster Complexes, Wiley-VCH: New York, 1998. 
3.   a) E. L. Muetterties, T. N. Rhodin, E. Band, C. F. Brucker, W. R. Pretzer, Chem. 
Rev. 1979, 79, 91-137; b) E. Band, E. L. Muetterties, Chem. Rev. 1978, 78, 639-
658.  
4.   a) B. F. G. Johnson, Coord. Chem. Rev. 1999, 190–192, 1269–1285; b) J. B. 
Keister in Comprehensive Organometallic Chemistry III (Eds.: R. Crabtree, D. M. 
P. Mingos), Elsevier, Oxford, U. K. 2006, chapter 12.15, pp. 755-780; c) C. Zhang, 
Y. L. Song, X. Wang, Coord. Chem. Rev. 2007, 251,111–141; d) S. Zacchini, Eur. 
J. Inorg. Chem. 2011, 27, 4125–4145; e) S. Pramanik, A. Saha, P. S. Devi, RSC 
Adv. 2015, 5, 33946–33954; f) W.-H. Zhang, Q. Liu, J.-P. Lang, Coord. Chem. 
Rev. 2015, 293–294,187-210. 
5.   a) F. G. A. Stone, Angew. Chem. Int. Ed. 1984, 23, 89–99; b) H. Vahrenkamp, 
Adv. Organomet. Chem. 1983, 22, 169–208; c) D. M. P. Mingos, Acc. Chem. Res. 
1984, 17, 311–319; d) R. Hoffmann, Angew. Chem. Int. Ed. 1982, 21, 711–724. 
6.   M. C. Comstock, J. R. Shapley, Coord. Chem. Rev. 1995, 143, 501–533. 
7.   J. R. Shapley, S. J. Hardwick, D. S. Foose, G. D. Stucky, M. R. Churchill, C. 
Bueno, J. P. Hutchinson, J. Am. Chem. Soc. 1981, 103, 7383–7385. 
	  	   26	  
8.   For example: a) J. Lee, M. G. Humphrey, D. C. R. Hockless, B. W. Skelton, A. 
H. White, Organometallics 1993, 12, 3468–3473; b) N. T. Lucas, J. P. Blitz, S. 
Petrie, R. Stranger, M. G. Humphrey, G. A. Heath, V. Otieno-Alego, J. Am. Chem. 
Soc. 2002, 124, 5139–5153; b) M. D. Randles, N. T. Lucas, M. P. Cifuentes, M. 
G. Humphrey, M. K. Smith, A. C. Willis, M. Samoc, Macromolecules 2007, 40, 
7807–7818. 
9.   M. D. Randles, P. V. Simpson, V. Gupta, J. Fu, G. J. Moxey, T. Schwich, A. L. 
Criddle, S. Petrie, J. G. MacLellan, S. R. Batten, R. Stranger, M. P. Cifuentes, M. 
G. Humphrey, Inorg. Chem. 2013, 52, 11256–11268. 
10.  P. V. Simpson, M. D. Randles, V. Gupta, J. Fu, G. J. Moxey, T. Schwich, M. 
Morshedi, M. P. Cifuentes, M. G. Humphrey, Dalton Trans. 2015, 44, 7292–7304. 
11.  A. J. Usher, N. T. Lucas, G. T. Dalton, M. D. Randles, L. Viau, M. G. Humphrey, 
S. Petrie, R. Stranger, A. C. Willis, A. D. Rae, Inorg. Chem. 2006, 45, 10859–
10872. 
12.  G. T. Dalton, L. Viau, S. M. Waterman, M. G. Humphrey, M. I. Bruce, P. J. Low, 
R. L. Roberts, A. C. Willis, G. A. Koutsantonis, B. W. Skelton, A. H. White, Inorg. 
Chem. 2005, 44, 3261–3269. 
13.  M. D. Randles, R. D. Dewhurst, M. P. Cifuentes, M. G. Humphrey, 
Organometallics. 2012, 31, 2582–2588. 
14.  J. Fu, G. J. Moxey, M. P. Cifuentes, M. G. Humphrey, J. Organomet. Chem. 2015, 
792, 46–50. 
15.  J. Fu, M. Morshedi, G. J. Moxey, A. Barlow, M. P. Cifuentes, M. G. Humphrey 
Chem. Eur. J. 2016, 22, 5128-5132.  
16.  Publication 5: Synthesis, Structures and Reactivity of Molybdenum/Tungsten-
Rhodium-Iridium Clusters by Core Expansion of Tetranuclear Clusters 
M2Ir2(CO)10(η5-C5H5)2 (M = Mo, W) with Rh(CO)2(η5-C5Me4R)2 (R = H, Me) J. 
Fu, G. J. Moxey, M. P. Cifuentes, M. G. Humphrey, Dalton Trans. 2016, in 
preparation.  
17.  Publication 6: Synthesis, Structures and Reactivity of Molybdenum/Tungsten-
Rhodium-Iridium Clusters by Core Expansion of Tetranuclear Clusters 
MIr3(CO)11(η5-C5H5) (M = Mo, W) with Rh(CO)2(η5-C5Me4R) (R = H, Me) J. Fu, 
G. J. Moxey, M. P. Cifuentes, M. G. Humphrey, Dalton Trans. 2016, in 
preparation. 
18.  Publication 7: Synthesis and X-ray Structures of Mo3Ir3(µ4-η2-CO)(µ3-
CO)(CO)10(η5-C5H5)3 and Mo3RhIr3(µ-CO)4(CO)7(η5-C5H5)3(η5-C5Me5) J. Fu, G. 
	  	   27	  
J. Moxey, M. P. Cifuentes, M. G. Humphrey, Eur. J. Inorg. Chem. 2016, in 
preparation. 
19.  S. M. Waterman, M. G. Humphrey, V.-A. Tolhurst, M. I. Bruce, P. J. Low, D. C. 
R. Hockless, Organometallics 1998, 17, 5789–5795. 
20.  S. M. Waterman, M. G. Humphrey, D. C. R. Hockless, Organometallics 1996, 15, 
1745–1748. 
21.  N. T. Lucas, M. G. Humphrey, P. C. Healy, M. L. Williams, J. Organomet. Chem. 
1997, 545–546, 519–530. 
22.  E. G. A. Notaras, N. T. Lucas, M. G. Humphrey, J. Organomet. Chem. 2001, 631, 
139–142. 
23.  a) F. G. A. Stone, Angew. Chem. Int. Ed. 1984, 23, 89–99; b) S. J. Davies, J. A. 
K. Howard, R. J. Musgrove, F. G. A. Stone, J. Chem. Soc., Dalton Trans. 1989, 
2269–2279. 
24.  D. M. P. Mingos, Acc. Chem. Res. 1984, 17, 311–319. 
25.  a) N. T. Lucas, M. G. Humphrey, D. C. R. Hockless, J. Organomet. Chem. 1997, 
535, 175-181; b) N. T. Lucas, M. G. Humphrey, D. C. R. Hockless, M. P. S. Perera, 
M. L. Williams, J. Organomet. Chem. 1997, 540, 147-154; c) N. T. Lucas, M. G. 
Humphrey, A. D. Rae, Macromolecules, 2001, 34, 6118-6195; d) N. T. Lucas, E. 
G. A. Notaras, M. P. Cifuentes, M. G. Humphrey, Organometallics 2003, 22, 284-
301; e) N. T. Lucas, E. G. A. Notaras, S. Petrie, R. Stranger, M. G. Humphrey, 
Organometallics 2003, 22, 708-721; f) E. G. A. Notaras, N. T. Lucas, M. G. 
Humphrey, A. C. Willis, A. D. Rae, Organometallics 2003, 22, 3659-3670; g) A. 
J. Usher, M. G. Humphrey, A. C. Willis, J. Organomet. Chem. 2003, 678, 72-78.	  
	  	   29	  
Publication1 
 
 
Syntheses of Pentanuclear Group 6 Iridium Clusters by Core 
Expansion of Tetranuclear Clusters with Ir(CO)2(η5-C5Me4R) (R = 
H, Me) 
 
Michael D. Randles,‡ Peter V. Simpson,‡ Vivek Gupta,‡ Junhong Fu,‡ Graeme J. 
Moxey,‡ Torsten Schwich,‡ Alan L. Criddle,‡ Simon Petrie,‡ Jonathan G. MacLellan,§ 
Stuart R. Batten,§Robert Stranger,‡ Marie P. Cifuentes,‡ Mark G. Humphrey‡,* 
 
 
‡Research School of Chemistry, Australian National University (ANU), Canberra, ACT 
0200, Australia 
§School of Chemistry, Monash University, Clayton, Victoria 3800, Australia 
 
 
Inorg. Chem. 2013, 52, 11256−11268 
 
 
 
 
 
 
 
	  	   30	  
Syntheses of Pentanuclear Group 6 Iridium Clusters by Core
Expansion of Tetranuclear Clusters with Ir(CO)2(η5‑C5Me4R) (R = H,
Me)†
Michael D. Randles,‡ Peter V. Simpson,‡ Vivek Gupta,‡ Junhong Fu,‡ Graeme J. Moxey,‡
Torsten Schwich,‡ Alan L. Criddle,‡ Simon Petrie,‡ Jonathan G. MacLellan,§ Stuart R. Batten,§
Robert Stranger,‡ Marie P. Cifuentes,‡ and Mark G. Humphrey*,‡
‡Research School of Chemistry, Australian National University (ANU), Canberra, ACT 0200, Australia
§School of Chemistry, Monash University, Clayton, Victoria 3800, Australia
*S Supporting Information
ABSTRACT: Metal cluster core expansion at tetrahedral group
6−group 9 mixed-metal clusters MIr3(μ-CO)3(CO)8(η5-L) (M =
W, Mo, L = C5H5; M = Mo, L = C5Me5) with the iridium capping
reagents Ir(CO)2(η
5-L′) (L′ = C5Me5, C5Me4H) in reﬂuxing
toluene aﬀorded the trigonal-bipyramidal clusters MIr4(μ-
CO)3(CO)7(η
5-C5H5)(η
5-L′) (M = Mo, L′ = C5Me5, 1a; M =
W, L′ = C5Me5, 1b; M = Mo, L′ = C5Me4H, 1c; M = W, L′ =
C5Me4H, 1d) and MoIr4(μ3-H)(μ-CO)2(μ-η
1:η5-CH2C5Me4)-
(CO)7(η
5-C5Me5) (2). Related reactions with M2Ir2(μ-
CO)3(CO)7(η
5-L)2 (M = W, Mo, L = C5H5; M = Mo, L =
C5Me5) aﬀorded M2Ir3(μ-CO)3(CO)6(η
5-C5H5)2(η
5-L′) (M =
Mo, L′ = C5Me5, 3a; M = W, L′ = C5Me5, 3b; M = Mo, L′ =
C5Me4H, 3c; M = W, L′ = C5Me4H, 3d), W2Ir3(μ-CO)4(CO)5(η5-
C5H5)2(η
5-C5Me4H) (4), and Mo2Ir3(μ-CO)3(CO)6(η
5-C5Me5)3 (5). Single-crystal X-ray diﬀraction studies of 1a−1d, 2, 3a−
3d, and 4 conﬁrmed their molecular structures, including the μ-η1:η5-CH2C5Me4 ligand at hydrido cluster 2, derived from a C−H
bond activation of one of the methyl groups. Density functional theory (DFT) studies were employed to suggest the structure of
5. The redox behavior of the new clusters was examined through cyclic voltammetry; all clusters exhibit oxidation and reduction
processes (with respect to the resting state), with the oxidation processes being the more reversible, and increasingly so on
decreasing Ir content of the clusters, replacing W by Mo, and increasing alkylation of the cyclopentadienyl ligands. In situ IR and
UV−vis−near-IR spectroelectrochemical studies of the reversible oxidation processes in 1a and 3a were undertaken, with the
spectra of the former suggesting progression to an all-terminal CO geometry concomitant with the ﬁrst oxidation and a
signiﬁcant structural change upon the second oxidation step. DFT studies of 1a revealed that its crystallographically-conﬁrmed
Mo-equatorial core geometry is essentially isoenergetic with a possible Mo-apical isomer, and identiﬁed several bridging CO
structures for the charged states.
■ INTRODUCTION
Transition-metal carbonyl cluster complexes have been of long-
standing interest.1 The transition from molecular to bulk metal
behavior that ensues with increasing cluster size is of
fundamental interest, while the resultant possibility of achieving
speciﬁc cluster-size-dependent properties may have practical
use.2 Clusters have long-recognized utility as models for
catalytically active metal surfaces and as precursors for metal
particles3 and, more recently, have attracted interest for
potential applications in optical limiting.4
Notwithstanding this fundamental and applied interest, and
the resultant intensive study by many research groups over
several decades, the metal carbonyl cluster ﬁeld is still
dominated by homometallic clusters and by heterometallic
examples incorporating metals from the same group or from
adjacent groups. Mixed-metal clusters incorporating disparate
metals in the cluster core may possess certain advantageous
properties: the polar M−M′ bonds may enhance organic
substrate activation, and the clusters may be precursors for
catalytically active heterometallic species with well-deﬁned
metal/metal stoichiometry and geometry.5 Despite these
attractive possibilities, the vast majority of such heterobimetallic
clusters incorporating disparate metals contain three or four
metal atoms; broadly applicable procedures to medium- and
high-nuclearity examples are scarce, with notable exceptions
being redox condensation,6 bridge-assisted core expansion,7 and
particularly Stone’s methodology employing alkylidene and
alkylidyne ligands.8 As archetypical examples, tri- and
tetranuclear mixed-metal clusters containing metal atoms
Received: June 14, 2013
Published: September 23, 2013
Article
pubs.acs.org/IC
© 2013 American Chemical Society 11256 dx.doi.org/10.1021/ic401502f | Inorg. Chem. 2013, 52, 11256−11268
	  	   31	  
from groups 6 and 9 have attracted considerable interest,9 but
reports of higher-nuclearity examples incorporating metal
atoms from these groups are sparse and frequently low-yielding
and are restricted to speciﬁc targets;10 this is despite signiﬁcant
desulfurization studies employing such clusters, as well as
catalytic butane hydrogenolysis studies that revealed diﬀering
C−C selectivity for tungsten triiridium and ditungsten
diiridium cluster precatalysts,11 demonstrating the potential of
mixed group 6−group 9 clusters in catalytically selective
outcomes. Reliable procedures to higher-nuclearity examples
are still required.
In studies directed at increasing the core nuclearity of
clusters in this system, we previously reported high-yielding
syntheses of tr igonal-bipyramidal M2Ir3(μ3-H)(μ -
CO)2(CO)9(η
5-C5H5−mMem)(η
5-C5H5−nMen) (M = Mo, W;
m = 0, 4; n = 4, 5) and M2Ir3(μ3-H)(μ-CO)2(CO)9(η
5-
C5H5−nMen)2 (M = Mo, W; n = 4, 5) from the redox-
condensation reaction of the tetrahedral clusters MIr3(μ-
CO)3(CO)8(η
5-C5H5−nMen) (M = Mo, W; n = 0, 4) with
the carbonylmetalate anions [M(CO)3(η
5-C5H5−nMen)]
− (M =
Mo, W; n = 4, 5), followed by protonation.12 We report herein
studies exploring the utility of Ir(CO)2(η
5-C5Me4R) (R = H,
Me) as a “capping” group in eﬀecting a core-nuclearity increase
in the Mo/W−Ir system, including single-crystal X-ray
structural studies of most products, together with spectroscopic,
electrochemical, spectroelectrochemical, and theoretical studies
on the resultant fair- to high-yielding pentanuclear group 6−
group 9 clusters.
■ EXPERIMENTAL DETAILS
General Conditions and Reagents. Reactions were performed
under an atmosphere of nitrogen using standard Schlenk techniques.
Product clusters proved indeﬁnitely stable in air as solids and for at
least short periods of time in solution, and thus no special precautions
were taken to exclude air in their workup. Solvents used in reactions
were AR-grade and distilled under nitrogen using standard methods:
CH2Cl2 over CaH2; toluene over sodium benzophenone ketyl. All
other solvents were used as received. Petrol refers to a fraction of
boiling range 60−80 °C. Cluster products were puriﬁed by preparative
thin-layer chromatography (TLC) on 20 × 20 cm2 glass plates coated
with Merck GF254 silica gel (0.5 mm). Analytical TLC was conducted
on aluminum sheets coated with 0.25 mm Merck GF254 silica gel.
Literature procedures were used to synthesize MoIr3(μ-
CO)3(CO)8(η
5-C5H5),
9l MoIr3(μ-CO)3(CO)8(η
5-C5Me5),
9q
WIr3(CO)11(η
5-C5H5),
11c Mo2Ir2(μ3-CO)(μ-CO)5(CO)4(η
5-
C5H5)2,
9n Mo2Ir2(μ-CO)3(CO)7(η
5-C5Me5)2,
9q W2Ir2(CO)10(η
5-
C5H5)2,
11c and Ir(CO)2(η
5-C5Me5).
13
Instrumentation. IR spectra were recorded in AR-grade cyclo-
hexane or CH2Cl2 on a Perkin-Elmer System 2000 FT-IR using a CaF2
cell and are reported in reciprocal centimeters. 1H NMR spectra were
recorded on a Varian Gemini-300 spectrometer at 300 MHz in CDCl3
(Cambridge Isotope Laboratories) and referenced to residual
nondeuterated solvent (δ 7.26). Unit resolution and high-resolution
electrospray ionization (ESI) mass spectrometry (MS) spectra were
recorded on a Micromass-Waters LC-ZMD single-quadrupole liquid
chromatography−mass spectrometer instrument. All MS values are
reported in the form m/z (assignment, relative intensity). UV−vis
spectra were recorded on a Cary 5 spectrophotometer. Microanalyses
were carried out by the Microanalysis Service Unit in the Research
School of Chemistry, ANU.
Synthesis of [IrCl2(η5-C5Me4H)]2. 1,2,3,4-Tetramethylcyclopenta-
1,3-diene (0.5 mL, 3.3 mmol) was added to a solution of IrCl3·3H2O
(1.0 g, 2.8 mmol) in methanol (50 mL), and the resultant solution was
heated at reﬂux for 40 h. The mixture was allowed to return to room
temperature before being cooled to 3 °C overnight. The resulting
orange precipitate was isolated by ﬁltration and washed with cold
methanol (3 × 5 mL), yielding [IrCl2(η5-C5Me4H)]2 (1.5 g, 1.9 mmol,
68%) as an orange powder, identiﬁed by comparison of the spectral
data with literature values.14
Synthesis of Ir(CO)2(η5-C5Me4H). [IrCl2(η5-C5Me4H)]2 (0.50 g,
0.65 mmol) and CH2Cl2 (30 mL) were placed in a pressure bottle, and
the mixture was ﬂushed three times with 30 psi of CO and then
pressurized to 40 psi of CO. The solution was stirred at room
temperature for 3 h, the bottle was depressurized, and zinc dust (5 g)
was added to the solution. The pressure bottle was once again ﬂushed
with CO (3 × 30 psi), pressurized to 40 psi, and stirred at room
temperature for 16 h. The bottle was depressurized, and water (50
mL) was added to the solution. The mixture was stirred at room
temperature for 1 h and then ﬁltered to remove the zinc. The CH2Cl2
layer was separated and the aqueous layer washed with CH2Cl2 (3 ×
20 mL). The combined CH2Cl2 extracts were dried over MgSO4 and
ﬁltered, and the ﬁltrate was taken to dryness in vacuo. The resultant
brown residue was sublimed (85 °C, 0.1 mbar) to yield Ir(CO)2(η5-
C5Me4H) as a yellow-orange powder (0.10 g, 0.28 mmol, 43%),
identiﬁed by comparison of the spectral data with literature values.14
Method A. Synthesis of MoIr4(μ-CO)3(CO)7(η5-C5H5)(η5-C5Me5)
(1a). Ir(CO)2(η5-C5Me5) (127 mg, 331 μmol) was added to an orange
solution of MoIr3(μ-CO)3(CO)8(η
5-C5H5) (52 mg, 49.7 μmol) in
toluene (15 mL), and the resultant mixture was heated at reﬂux for 1
h; the reaction was monitored by IR spectroscopy. The solution was
taken to dryness in vacuo, and the crude residue was dissolved in the
minimum amount of CH2Cl2 and applied to preparative silica TLC
plates; elution with CH2Cl2/petrol (3:2) aﬀorded four bands. The
contents of the second (Rf = 0.46, brown) and fourth (Rf = 0.27,
brown) bands were in trace amounts and were not isolated. The
contents of the ﬁrst band (Rf = 0.62, yellow) were extracted with
CH2Cl2 and reduced in volume to aﬀord a yellow solid identiﬁed as
unreacted Ir(CO)2(η
5-C5Me5) (73.0 mg, 190 μmol, 57%). The
contents of the third band (Rf = 0.34, red-brown) were extracted with
CH2Cl2 and reduced in volume to aﬀord a red-brown solid identiﬁed
as 1a (45.5 mg, 33.8 μmol, 68%). IR (CH2Cl2): ν(CO) 2053 s, 2024 s,
2008 vs, 1997 s sh, 1959 w, 1941 w, 1831 m br, 1797 m br, 1739 m br
cm−1. 1H NMR: δ 5.05 (s, 5H, C5H5), 1.94 (s, 15H, C5Me5). MS
(ESI): calcd, 1345 ([M]+); found, 1345 ([M]+, 100). Anal. Calcd for
C25H20Ir4MoO10: C, 22.32; H, 1.50. Found: C, 22.21; H, 1.55.
Synthesis of WIr4(μ-CO)3(CO)7(η
5-C5H5)(η
5-C5Me5) (1b). Following
method A, Ir(CO)2(η
5-C5Me5) (10 mg, 26 μmol) and
WIr3(CO)11(η
5-C5H5) (16 mg, 14.1 μmol) in toluene (15 mL),
reﬂuxed for 25 min and preparative silica TLC elution with CH2Cl2/
petrol (5:3), aﬀorded six bands: the ﬁrst band (Rf = 0.81, yellow)
aﬀorded orange unreacted Ir(CO)2(η
5-C5Me5) (2.3 mg, 5.9 μmol,
23%), the second band (Rf = 0.69, orange) aﬀorded unreacted
WIr3(CO)11(η
5-C5H5) (5.2 mg, 4.6 μmol, 32%), and the third band
(Rf = 0.41, red-brown) aﬀorded red 1b (5.6 mg, 3.9 μmol, 28%). IR (c-
C6H12): ν(CO) 2055 s, 2030 s, 2010 vs, 1997 s, 1986 w, 1962 m, 1951
w, 1860 w, 1814 m, 1736 m cm−1. 1H NMR: δ 5.14 (s, 5H, C5H5),
1.93 (s, 15H, C5Me5). MS (ESI): calcd for C25H20Ir4O10W, 1436.9162
([M]+); found, 1436.9172 ([M]+). Anal. Calcd for C25H20Ir4O10W: C,
20.95; H, 1.41. Found: C, 21.04; H, 1.49.
Synthesis of MoIr4(μ-CO)3(CO)7(η5-C5H5)(η5-C5Me4H) (1c). Follow-
ing method A, Ir(CO)2(η
5-C5Me4H) (8.0 mg, 21.6 μmol) and
MoIr3(μ-CO)3(CO)8(η
5-C5H5) (19.1 mg, 18.2 μmol) in toluene (15
mL), reﬂuxed for 15 h and preparative silica TLC elution with
dichloromethane/petrol (3:2), aﬀorded two bands: the ﬁrst band (Rf =
0.55, orange) aﬀorded unreacted MoIr3(μ-CO)3(CO)8(η
5-C5H5)
(11.0 mg, 10.5 μmol, 57%), and the second band (Rf = 0.28,
brown) aﬀorded 1c (6.7 mg, 5.02 μmol, 27%). IR (CH2Cl2): ν(CO)
2053 s, 2009 s, 1798 b, 1741 b, 1604 m cm−1. MS (ESI): calcd for
C24H18Ir4MoNaO10, 1358.8369 ([M + Na]
+); found, 1358.8370 ([M +
Na]+). 1H NMR: δ 5.53 (s, 5H, C5H5), 5.10 (s, H, C5HMe4), 2.11 (s,
6H, C5HMe4), 1.89 (s, 6H, C5HMe4). Anal. Calcd for
MoC24H18Ir4O10: C, 21.65; H, 1.36. Found: C, 21.80; H, 1.48.
Synthesis of WIr4(μ-CO)3(CO)7(η5-C5H5)(η5-C5Me4H) (1d). Follow-
ing method A, Ir(CO)2(η
5-C5Me4H) (13 mg, 35.1 μmol) and
WIr3(CO)11(η
5-C5H5) (11 mg, 9.7 μmol) in toluene (15 mL),
reﬂuxed for 30 min and preparative silica TLC elution with CH2Cl2/
Inorganic Chemistry Article
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petrol (5:3), aﬀorded six bands: the third band (Rf = 0.41, red-brown)
aﬀorded red 1d (3.9 mg, 2.7 μmol, 28%). IR (c-C6H12): ν(CO) 2055
m, 2031 m, 2012 s, 1996 m, 1986 w sh, 1963 w, 1957 w sh, 1866 w,
1819 w, 1736 s cm−1. 1H NMR: δ 5.38 (s, 1H, C5Me4H), 5.11 (s, 5H,
C5H5), 1.88 (s, 6H, C5Me4H), 1.79 (s, 6H, C5Me4H). MS (ESI): calcd
for C24H17Ir4O10W, 1443.8747 ([M − H]+); found, 1443.8749 ([M −
H]+). Anal. Calcd for C24H18Ir4O10W: C, 20.31; H, 1.28. Found: C,
20.42; H, 1.35.
Synthesis of MoIr4(μ3-H)(μ-CO)2(μ-η
1:η5-CH2C5Me4)(CO)7(η
5-
C5Me5) (2). Following method A, Ir(CO)2(η5-C5Me5) (33.4 mg,
87.1 μmol) and MoIr3(μ-CO)3(CO)8(η
5-C5Me5) (12.2 mg, 10.9
μmol) in toluene (10 mL), reﬂuxed for 1 h and preparative silica TLC
elution with CH2Cl2/petrol (1:1) aﬀorded two bands. The ﬁrst band
(Rf = 0.56, yellow) aﬀorded unreacted Ir(CO)2(η
5-C5Me5) (18.2 mg,
47.5 μmol, 54%), and the second band (Rf = 0.43, red-brown) aﬀorded
2 (10.4 mg, 7.35 μmol, 67%). IR (CH2Cl2): ν(CO) 2047 s, 2023 vs,
1988 vs br, 1914 w br, 1828 m br, 1787 s br cm−1. 1H NMR: δ 3.13 (s,
2H, CH2), 2.01 (s, 15H, C5Me5), 1.51 (s, 6H, C5Me4CH2), 1.08 (s,
6H, C5Me4CH2), −4.21 (s, 1H, hydride). MS (ESI): calcd for
C29H30Ir4MoO9, 1391.9462 ([M]
+); found, 1391.9463 ([M]+). Anal.
Calcd for C29H30Ir4MoO9: C, 25.11; H, 2.18. Found: C, 24.87; H,
2.00.
Synthesis of Mo2Ir3(μ-CO)3(CO)6(η
5-C5H5)2(η
5-C5Me5) (3a). Follow-
ing method A, Ir(CO)2(η
5-C5Me5) (24.7 mg, 64.4 μmol) and
Mo2Ir2(μ-CO)3(CO)7(η-C5H5)2 (42.9 mg, 43.5 μmol) in toluene
(10 mL), reﬂuxed for 30 min and preparative silica TLC elution with
CH2Cl2/petrol (4:1) aﬀorded two bands. The ﬁrst band (Rf = 0.79,
yellow) aﬀorded unreacted Ir(CO)2(η
5-C5Me5) (2.1 mg, 5.5 μmol,
9%), and the second band (Rf = 0.27, purple-brown) aﬀorded red-
brown 3a (46.5 mg, 36.2 μmol, 83%). IR (CH2Cl2): ν(CO) 2023 s,
1996 vs, 1966 m, 1949 w, 1903 w, 1890 w, 1835 m br, 1745 s br cm−1.
1H NMR: δ 5.21 (s, 5H, C5H5), 5.00 (s, 5H, C5H5), 1.95 (s, 15H,
C5Me5). MS (ESI): calcd for C29H25Ir3Mo2O9, 1286 ([M]
+); found,
1325 ([M + K]+, 13), 1309 ([M + Na]+, 100), 1286 ([M]+, 78), 1258
([M − CO]+, 9). Anal. Calcd for C29H25Ir3Mo2O9: C, 27.08; H, 1.96.
Found: C, 26.90; H, 1.78.
Synthesis of W2Ir3(μ-CO)3(CO)6(η5-C5H5)2(η5-C5Me5) (3b). Follow-
ing method A, Ir(CO)2(η
5-C5Me5) (17.4 mg, 45.3 μmol) and
W2Ir2(CO)10(η
5-C5H5)2 (21.5 mg, 18.5 μmol) in toluene (15 mL),
reﬂuxed for 16 h and preparative silica TLC elution with CH2Cl2/
petrol (4:1) aﬀorded two bands. The ﬁrst band (Rf = 0.74, yellow)
aﬀorded unreacted Ir(CO)2(η
5-C5Me5) (3.7 mg, 9.6 μmol, 21%), and
the second band (Rf = 0.25, dark red) aﬀorded 3b (24.5 mg, 16.7
μmol, 90%). IR (CH2Cl2): ν(CO) 2054 vs, 2022 m, 1992 m, 1969 m,
1885 br, 1788 br cm−1. 1H NMR: δ 5.25 (s, 5H, C5H5), 5.05 (s, 5H,
C5H5), 1.87 (s, 15H, C5Me5). MS (ESI): calcd for C29H26Ir3O9W2,
1464.9484 ([M + H]+); found, 1464.9484 ([M + H]+, 12). Anal. Calcd
for C29H25Ir3O9W2: C, 23.83; H, 1.72. Found: C, 23.96; H, 1.76.
Synthesis of Mo2Ir3(μ-CO)3(CO)6(η
5-C5H5)2(η
5-C5Me4H) (3c). Fol-
lowing method A, Ir(CO)2(η
5-C5Me4H) (10.0 mg, 28.9 μmol) and
Mo2Ir2(μ-CO)3(CO)7(η
5-C5H5)2 (19.0 mg, 19.3 μmol) in toluene (7
mL), reﬂuxed for 1 h and preparative silica TLC elution with CH2Cl2/
petrol (4:1) aﬀorded two bands. The second band (Rf = 0.32, brown)
aﬀorded 3c (16.6 mg, 13.0 μmol, 68%). IR (CH2Cl2): ν(CO) 2025 s,
1998 vs, 1969 m, 1951 w, 1895 w, 1821 m br, 1745 s br cm−1. 1H
NMR: δ 5.39 (s, 1H, C5Me4H), 5.21 (s, 5H, C5H5), 5.02 (s, 5H,
C5H5), 2.05 (s, 6H, C5Me4H), 1.92 (s, 6H, C5Me4H). MS (ESI): calcd
for C28H23Ir3Mo2O9, 1277.8338 ([M]
+); found, 1277.8335 ([M]+).
Anal. Calcd for C28H23Ir3Mo2O9: C, 26.44; H, 1.82. Found: C, 26.62;
H, 1.95.
Synthesis of W2Ir3(μ-CO)3(CO)6(η
5-C5H5)2(η
5-C5Me4H) (3d) and
W2Ir3(μ-CO)4(CO)5(η
5-C5H5)2(η
5-C5Me4H) (4). Following method A,
Ir(CO)2(η
5-C5Me4H) (19.2 mg, 52.0 μmol) and W2Ir2(CO)10(η
5-
C5H5)2 (37.0 mg, 31.8 μmol) in toluene (20 mL), reﬂuxed for 15 h
and preparative silica TLC elution with CH2Cl2/petrol (4:1) aﬀorded
two bands. The ﬁrst band (Rf = 0.75, yellow) aﬀorded unreacted
Ir(CO)2(η
5-C5Me4H) (3.2 mg, 8.67 μmol, 16.7%), and the second
band (Rf = 0.38, dark red) aﬀorded 4 (16.8 mg, 11.6 μmol, 37%). IR
(CH2Cl2): ν (CO) 2054 s, 2025 s, 2001 s, 1968 s, 1886 b, 1808 b,
1732 s cm−1. MS (ESI): calcd for C28H23Ir3NaO9W2, 1472.9147 ([M +
Na]+); found, 1472.9148 ([M + Na]+). 1H NMR: δ 5.42 (s, 5H,
C5H5), 5.12 (s, 5H, C5H5), 4.98 (s, H, C5HMe4), 2.13 (s, 6H,
C5HMe4), 1.73 (s, 6H, C5HMe4). Anal. Calcd for C28H23Ir3O9W2: C,
23.23; H, 1.60. Found: C, 23.58; H, 1.72. The third band (Rf = 0.35,
dark red) aﬀorded 3d (4.5 mg, 3.10 μmol, 10%). IR (CH2Cl2): ν(CO)
2054 s, 2021 m, 1994 s, 1969 b, 1885 b, 1789 b cm−1. MS (ESI): calcd
for C28H23Ir3O9W2, 1449; found, 1449 ([M]
+, 35), 1472 ([M + Na]+,
75), 1421 ([M − CO]+, 5). 1H NMR (CDCl3): δ 5.42 (s, 5H, C5H5),
5.26 (s, 5H, C5H5), 5.09 (s, H, C5HMe4), 2.20 (s, 6H, C5HMe4), 1.94
(s, 6H, C5HMe4). Anal. Calcd for C28H23Ir3O9W2: C, 23.23; H, 1.60.
Found: C, 23.41; H, 1.68.
Synthesis of Mo2Ir3(μ-CO)3(CO)6(η
5-C5Me5)3 (5). Following method
A, Ir(CO)2(η
5-C5Me5) (12.7 mg, 33.1 μmol) and Mo2Ir2(μ-
CO)3(CO)7(η
5-C5Me5)2 (5.7 mg, 5.1 μmol) in toluene (5 mL),
reﬂuxed for 1 h and preparative silica TLC elution with CH2Cl2/petrol
(3:2) aﬀorded two bands. The ﬁrst band (Rf = 0.64, yellow) aﬀorded
unreacted Ir(CO)2(η
5-C5Me5) (4.3 mg, 11.2 μmol, 34%), and the
second band (Rf = 0.50, brown-green) aﬀorded 5 (4.1 mg, 2.87 μmol,
57%). IR (CH2Cl2): ν(CO) 2011 s, 1983 vs, 1960 m, 1938 w, 1827 w
br, 1681 m br cm−1. 1H NMR: δ 1.97 (s, 30H, C5Me5), 1.86 (s, 15H,
C5Me5). MS (ESI): calcd for C39H45Ir3Mo2O9, 1432.0060 ([M]
+);
found, 1432.0090 ([M]+). Anal. Calcd for C39H45Ir3Mo2O9: C, 32.84;
H, 3.18.Found: C, 33.13; H, 3.00.
Cyclic Voltammetry. Cyclic voltammetry measurements were
recorded using an EA161 potentiostat and e-corder from eDaq Pty
Ltd. Measurements were carried out at room temperature using
platinum disk working, platinum wire auxiliary, and Ag/AgCl reference
electrodes, such that the ferrocene/ferrocenium redox couple was
located at 0.56 V (ipc/ipa = 1; ΔEp 0.09 V). Scan rates were typically
100 mV s−1. Electrochemical solutions contained 0.1 M (NBun4)PF6
and ca. 10−3 M complex in dried and distilled dichloromethane.
Solutions were purged and maintained under a nitrogen atmosphere.
Spectroelectrochemical Studies. Electronic spectra were
recorded using a Cary 5 spectrophotometer, and IR spectra were
recorded on a Perkin-Elmer System 2000 spectrometer. Solution
spectra of the oxidized species were obtained at 298 K by
electrogeneration in optically transparent thin-layer electrochemical
(OTTLE) cells with potentials of ca. 50−200 mV beyond E1/2 for each
couple, to ensure complete electrolysis. Solutions were made up using
0.3 M (NBun4)PF6 in dried and distilled dichloromethane.
X-ray Crystallographic Studies. General Procedures. The
crystal and reﬁnement data for compounds 1a−1d, 2, 3a−3d, and 4
are summarized in Table S1 in the Supporting Information (SI).
Crystals suitable for the X-ray structural analyses were grown by liquid
diﬀusion of methanol into a dichloromethane solution (1b−1d, 3b,
3d, and 4), liquid diﬀusion of ethanol into a dichloromethane solution
(1a), or liquid diﬀusion of ethanol into a chloroform solution (2, 3a,
and 3c) at 277 K. Suitable crystals were mounted on ﬁne glass
capillaries, and intensity data were collected on a Nonius KAPPA CCD
diﬀractometer at 200 K (all except 3c), or a Bruker Apex II CCD
diﬀractometer at 123 K (3c), using graphite-monochromated Mo Kα
radiation (λ = 0.71073 Å). Nt (total) reﬂections were measured by
using ψ and ω scans and were reduced to No unique reﬂections, with
Fo > 2σ(Fo) being considered to be observed. Data were initially
processed and corrected for absorption by using the programs
DENZO15 and SORTAV16 (all except 3c) or the Apex II program
suite17 (3c). The structures were solved by using direct methods and
observed reﬂections were used in least-squares reﬁnement on F2, with
anisotropic thermal parameters reﬁned for non-hydrogen atoms. With
the exception of the bridging hydride (H41) in 2, which was located in
the diﬀerence Fourier map, hydrogen atoms were constrained in
calculated positions and reﬁned with a riding model. Structure
solutions and reﬁnements were performed by using the CRYSTALS
software package18 (1a, 1b, 1d, 2, and 3a) or the programs SHELXS-
97 and SHELXL-9719 through the graphical interface Olex220 (1c, 3b,
3c, 3d, 4), which was also used to generate the ﬁgures. In all
structures, the largest peaks in the ﬁnal diﬀerence electron map are
located near the metal atoms.
Variata. 1a. The crystallographic asymmetric unit consists of the
cluster and half of a dichloromethane solvent molecule, with the other
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resonance at δ −4.21. A molecular-ion peak with the correct
characteristic isotope pattern is seen at 1387 mass units in the
ESI MS spectrum.
The clusters Mo2Ir2(μ-CO)3(CO)7(η
5-C5H5)2 and
W2Ir2(CO)10(η
5-C5H5)2, related to MoIr3(μ-CO)3(CO)8(η
5-
C5H5) and WIr3(CO)11(η
5-C5H5) by isolobal replacement of
Ir(CO)3 by M(CO)2(η
5-C5H5), were reacted with Ir(CO)2(η
5-
C5Me5) in reﬂuxing toluene over 1 h to aﬀord the trigonal-
bipyramidal clusters M2Ir3(μ-CO)3(CO)6(η
5-C5H5)2(η
5-
C5Me5) (M = Mo, 3a; M = W, 3b). Analogous reactions
employing Ir(CO)2(η
5-C5Me4H) yielded M2Ir3(μ -
CO)3(CO)6(η
5-C5H5)2(η
5-C5Me4H) (M = Mo, 3c; M = W,
3d). Interestingly, from the reaction between Ir(CO)2(η
5-
C5Me4H) and W2Ir2(μ-CO)3(CO)7(η
5-C5H5)2, the cluster 4
was isolated in addition to 3d; cluster 4 features two tungsten
atoms in equatorial positions of the trigonal-bipyramidal cluster
core and four bridging carbonyl ligands. The treatment of
Mo2Ir2(μ-CO)3(CO)7(η
5-C5Me5)2 with Ir(CO)2(η
5-C5Me5) in
reﬂuxing toluene aﬀorded 5. Complexes 3a−3d, 4, and 5 were
characterized by IR and 1H NMR spectroscopy, ESI MS, and
satisfactory microanalyses. Single-crystal X-ray diﬀraction
studies conclusively established the structures for 3a−3d and
4; the geometry of 5 was suggested by density functional theory
(DFT) calculations (see below). The solution IR spectra of
3a−3d in CH2Cl2 contain six to eight ν(CO) bands, ﬁve or six
of which correspond to terminally bound carbonyls (2025−
1890 cm−1) and one or two to bridging carbonyl modes
(1835−1745 cm−1), while that of 4 contains ﬁve ν(CO) bands
corresponding to terminal CO ligand stretching modes and two
ν(CO) bands corresponding to bridging carbonyls. The 1H
NMR spectra contain resonances assigned to the various
cyclopentadienyl groups, while intense molecular-ion peaks and
adduct-ion peaks corresponding to the addition of sodium or
potassium ions are detected in the ESI MS spectra.
X-ray Structural Studies of 1a−1d, 2, 3a−3d, and 4.
Single-crystal X-ray diﬀraction studies conﬁrmed the molecular
compositions of 1a−1d, 2, 3a−3d, and 4. ORTEP plots with
the molecular structure and atomic labeling schemes for 1d, 2,
3c, and 4 are shown in Figures 1−4, respectively. Figures S1
(1a), S2 (1b), S3 (1c), S4 (3a), S5 (3b), and S6 (3d) in the SI
contain ORTEP plots from the remaining structural studies.
Table S1 in the SI contains crystallographic data acquisition and
reﬁnement parameters, Table 1 lists selected bond distances for
1a−1d, and Table 2 lists selected bond distances for 3a−3d,
with selected bond distances for 2 and 4 being given in the
respective ﬁgure captions.
The metal cores of 1−4 adopt trigonal-bipyramidal geo-
metries with the group 6 metals ligated by η5-cyclopentadienyl/
η5-pentamethylcyclopentadienyl groups and the incoming
Ir(η5-C5MenH5−n) (n = 4, 5) unit either in an apical site,
capping one of the MIr2 (M = Mo, W: 1a−1d, 3a−3d) or W2Ir
(4) faces, or in an equatorial site (2). The clusters contain three
or four bridging and six or seven terminally bound carbonyl
ligands. All possess 72 cluster valence electrons, and so are
EAN-precise for M5 clusters possessing nine M−M bonds.
Note that there is local electronic asymmetry; assigning the
electrons from each ligand to the metal atom to which they are
bound, a symmetrical distribution of the electrons from the
bridging CO ligands, and assigning face-capping hydride H41
to Mo4 in 2, there is residual electronic asymmetry in 2 (Ir1, 19
e; Ir5, 17 e), 3 (Ir4, 19 e; Mo5, 17 e), and 4 (W2, 17 e; Ir4, 19
e).
The Ir−Ir bonds in clusters 1 fall within a comparatively
narrow range [2.7118(4)−2.7716(4) Å]. The Ir−M vectors
span a broader range [2.7160(4)−2.8658(7) Å] but are also
within literature precedents.10e The core bond distances in
clusters 3 lie within tighter ranges [Ir−Ir, 2.6991(5)−2.7333(9)
Å; Ir−M, 2.7639(7)−2.8475(8) Å; M1−M5, 3.0014(9)−
3.0482(9) Å]. Although CO141 symmetrically bridges the
Figure 1. ORTEP plot and atom numbering scheme for 1d.
Displacement ellipsoids are shown at the 30% probability level.
Hydrogen atoms have been omitted for clarity.
Figure 2. ORTEP plot and atom numbering scheme for 2.
Displacement ellipsoids are shown at the 30% probability level.
Hydrogen atoms have been omitted for clarity, with the exception of
the hydride ligand (H41), which is shown as a circle of arbitrary radius.
Selected bond lengths (Å): Ir1−Ir2 2.7503(7), Ir1−Ir3 2.7632(7),
Ir1−Ir5 2.8418(8), Ir1−Mo4 2.6688(12), Ir2−Ir3 2.7961(8), Ir2−Ir5
2.7173(8), Ir2−Mo4 2.9470(13), Ir3−Ir5 2.6960(8), Ir3−Mo4
2.8929(13), Ir1−C141 2.547(17), Mo4−C141 1.959(17), Ir2−C251
2.174(16), Ir5−C251 2.043(18), Ir3−C351 2.111(16), Ir5−C351
2.023(15), Ir5−C6 2.111(17), Ir2−H41 1.85(15), Ir3−H41 1.83(16),
Mo4−H41 2.02(15).
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Ir4−M1 vector in clusters 1, the carbonyl ligands bridging at Ir5
are unsymmetrically disposed toward the other iridium atoms
(Ir2, Ir3), with asymmetry parameters28 for CO251 and CO351
in the range 0.027−0.096, below the nominal semibridging
threshold. In contrast, CO341 symmetrically bridges Ir3 and
Ir4 in clusters 3, while bridging CO251 and CO141 are
unsymmetrically disposed toward the group 6 metal atoms
(asymmetry parameters in the range 0.14−0.27 and therefore
formally semibridging). The Ir−Ir and W−Ir bond distances in
cluster 4 fall within the aforementioned ranges, and while the
W1−W2 vector [2.9237(12) Å] in 4 is shorter than the M1−
M5 distances in 3, it is not anomalously so compared to
literature precedents.10e As with 3, CO351 symmetrically
bridges an Ir−Ir bond, while bridging carbonyls CO241 and
CO251 are displaced toward the group 6 metal (asymmetry
parameters 0.17 and 0.28, respectively); in contrast, CO141
symmetrically bridges the W1−Ir4 linkage. Finally, two of the
Ir−Ir linkages in 2 are long [Ir2−Ir3, 2.7961(8) Å; Ir1−Ir5,
2.8418(8) Å] and Ir1−Mo4 is short [2.6688(12) Å]; the
former are associated with bridging hydrido and η1:η5-2,3,4,5-
tetramethylcyclopentadienylmethylene ligands, respectively.
Theoretical Studies of 5. The 1H NMR spectrum of 5
contains resonances corresponding to three pentamethylcyclo-
pentadienyl ligands that are in two distinct environments, while
the mass spectrum reveals a molecular ion with an EAN-precise
electron count for a trigonal-bipyramidal cluster, analogous to
the core structures of 1−4. These data are consistent with the
Mo(η5-C5Me5) vertices of a trigonal-bipyramidal structure
being both apical [Mo(ap)2Ir(eq)] or both equatorial, with the
Ir(η5-C5Me5) vertex being apical [Mo(eq)2Ir(ap)] or equatorial
[Mo(eq)2Ir(eq)]. DFT calculations were undertaken to
Figure 3. ORTEP plot and atom numbering scheme for 3c.
Displacement ellipsoids are shown at the 30% probability level.
Hydrogen atoms have been omitted for clarity.
Figure 4. ORTEP plot and atom numbering scheme for 4.
Displacement ellipsoids are shown at the 30% probability level.
Hydrogen atoms have been omitted for clarity. Selected bond lengths
(Å): W1−W2 2.9237(12), W1−Ir3 2.8235(8), W1−Ir4 2.8013(8),
W1−Ir5 2.8337(8), W2−Ir3 2.8369(8), W2−Ir4 2.7822(8), W2−Ir5
2.7910(8), Ir3−Ir4 2.7480(7), Ir3−Ir5 2.7244(8), W1−C141
2.055(12), Ir4−C141 2.066(11), W2−C241 1.981(12), Ir4−C241
2.318(11), W2−C251 1.964(12), Ir5−C251 2.524(13), Ir3−C351
2.085(11), Ir5−C351 2.039(12).
Table 1. Selected Bond Lengths (Å) for 1a−1d
1a: M = Mo 1b: M = W 1c: M = Mo 1d: M = W
Ir2−Ir3 2.7339(4) 2.7409(10) 2.7457(6) 2.7525(4)
Ir2−Ir4 2.7576(4) 2.7663(10) 2.7137(7) 2.7213(4)
Ir2−Ir5 2.7552(4) 2.7621(9) 2.7221(6) 2.7268(4)
Ir3−Ir4 2.7118(4) 2.7227(10) 2.7280(6) 2.7362(4)
Ir3−Ir5 2.7349(4) 2.7398(10) 2.7644(6) 2.7716(4)
Ir2−M1 2.8465(7) 2.8422(9) 2.7823(11) 2.7727(4)
Ir3−M1 2.7738(7) 2.7657(9) 2.8474(9) 2.8423(4)
Ir4−M1 2.7329(7) 2.7135(10) 2.7370(10) 2.7160(4)
Ir5−M1 2.8658(7) 2.8461(9) 2.8583(8) 2.8453(4)
Ir2−C251 2.058(8) 2.069(17) 2.039(7) 2.048(7)
Ir5−C251 2.180(7) 2.183(18) 2.146(8) 2.157(7)
Ir3−C351 2.057(9) 2.034(19) 2.023(7) 2.029(7)
Ir5−C351 2.125(8) 2.090(18) 2.215(7) 2.224(7)
Ir4−C141 2.063(7) 2.067(16) 2.068(7) 2.092(7)
M1−C141 2.091(7) 2.067(15) 2.061(7) 2.063(7)
Table 2. Selected Bond Lengths (Å) for 3a−3d
3a: M = Mo 3b: M = W 3c: M = Mo 3d: M = W
Ir2−Ir3 2.7207(4) 2.7082(8) 2.6991(5) 2.7210(7)
Ir2−Ir4 2.7079(4) 2.7035(7) 2.6993(4) 2.7109(9)
Ir3−Ir4 2.7164(4) 2.7333(9) 2.7184(4) 2.7072(8)
Ir2−M1 2.7899(6) 2.7992(8) 2.7734(7) 2.7695(7)
Ir2−M5 2.7978(7) 2.7923(7) 2.8155(7) 2.7904(9)
Ir3−M1 2.7891(6) 2.7639(7) 2.7827(7) 2.7681(9)
Ir3−M5 2.8258(7) 2.8260(8) 2.8127(7) 2.8198(9)
Ir4−M1 2.8395(6) 2.8388(7) 2.7994(7) 2.8475(8)
M1−M5 3.0482(9) 3.0014(9) 3.0351(9) 3.0165(8)
Ir2−C251 2.382(8) 2.519(12) 2.432(8) 2.499(13)
M5−C251 1.976(8) 1.984(11) 1.967(7) 1.967(12)
Ir3−C341 2.023(8) 2.026(12) 2.017(7) 2.028(11)
Ir4−C341 2.045(7) 1.994(11) 2.043(6) 2.035(11)
Ir4−C141 2.343(7) 2.437(11) 2.284(7) 2.441(12)
M1−C141 1.992(7) 1.978(10) 2.003(8) 2.012(11)
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oxidation product 1a2+, seen when a potential of +1.15 V was
applied, is interesting in that the spectral shifts are overall to
lower, rather than higher, wavenumbers (unexpected for an
oxidative process); this is presumably due to a signiﬁcant
structural rearrangement. The starting cluster is recovered by
application of the appropriate potential. A minimal change in
the UV−vis spectrum of 1a occurs with the ﬁrst oxidation of
the cluster, but the second oxidation process results in the
formation of a new band at 520 nm, in agreement with
postulation of a large structural rearrangement.
The IR spectral changes for the ﬁrst one-electron oxidation
of 3a, following application of a potential of +0.65 V, show a
spectral pattern similar to that of 3a, but with a shift to higher
wavenumbers for the terminal carbonyl peaks and with the
appearance of a single broad bridging carbonyl band.
Application of a potential of +1.00 V results in formation of
the second oxidation product 3a2+, which shows minimal
spectral change, with the only diﬀerence being the appearance
of an additional weak absorption at higher wavenumbers and
the disappearance of some of the shoulder peaks. Cluster 3a is
regenerated cleanly upon application of the reverse potential.
Formation of the oxidation products results in reduction of the
intensity of the bands observed in the UV−vis spectra; the
resultant spectra are generally featureless.
Theoretical Studies of 1a. DFT and time-dependent DFT
(TD-DFT) studies of 1a were undertaken to rationalize the
selectivity for speciﬁc core geometry (of the two likely core
isomers) and to suggest the nature of the products formed
upon reversible oxidation. The reaction of MoIr3(μ-
CO)3(CO)8(η
5-C5H5) with Ir(CO)2(η
5-C5Me5) and formation
of a molybdenum tetrairidium cluster is likely to proceed via
the addition of the capping Ir(η5-C5Me5) unit at an MoIr2 face
(as observed in the present study) or at the less-hindered Ir3
face. DFT was employed to aﬀord optimized geometries and
relative energies for structures based on the X-ray crystallo-
graphic study of 1a and the hypothetical Ir3 face-capped
analogue. The optimized geometries for these structures (in
both Cs and C1 symmetry for the alternate Ir3 face-capped
species) are shown in Figure 6.
Removal of Cs symmetry constraints in the alternate Ir3 face-
capped structure resulted in no signiﬁcant departure from the
optimized geometry obtained with the constraints in place. The
starting geometry for the hypothetical structure in Figure 6(ii)
was based on the parent cluster MoIr3(μ-CO)3(CO)8(η
5-
C5H5), taking account of the behavior of the Ir(CO)2(η
5-
C5Me5) reagent in the experimental reaction, which results in
the geometry of Figure 6(i). Adjusting the starting geometry so
that the terminal molybdenum-linked carbonyl ligand instead
bridges the molybdenum and the relevant equatorial iridium
and moving the carbonyl ligand bridging the equatorial and the
axial iridium atoms to a terminal position on the axial iridium
simply resulted in rearrangement of these ligands to restore
essentially the geometry shown in Figure 6(ii) upon
optimization. On the basis of the calculations, the exper-
imentally observed structure is essentially equienergetic (∼1 kJ
mol−1 diﬀerence) with the alternate Ir3 face-capped Cs
structure. Removal of all symmetry constraints resulted in no
further improvement in the stability. Thus, in principle, the Ir3
face-capped structure is feasible, unless there is a large energy
barrier involved in the capping reaction. Computational
investigations into the energy barrier for capping either the
Ir3 or MoIr2 face were not undertaken because of the broad
range of intermediates that would need to be explored; the
overall reaction proceeds with loss of three carbonyl ligands,
and there is currently no information available as to how many,
if any, of these would be present in a transition state or
intermediate.
We then explored the nature of the oxidation products of 1a.
Optimization of neutral 1a was performed through spin-
restricted, relativistically corrected, vacuum-phase PBE/TZP
calculations, using the X-ray crystallographically determined
geometry as a starting point. The optimized geometry is
consistent with the crystallographically obtained geometry and
exhibits carbonyls bridging between Ir2 and Ir5, between Ir3
and Ir5, and between Ir4 and Mo1, as seen in the single-crystal
X-ray diﬀraction structure. Spin-unrestricted calculations on the
radical cation and calculations on the dication (singlet state,
spin-restricted; triplet state, spin-unrestricted) also consistently
identiﬁed a structure bridged in this manner (hereafter denoted
the “2-5,3-5,4-Mo1” conﬁguration) as a local minimum. The
triplet-state dication was found to be 0.45 eV higher in energy
than the corresponding singlet-state dication. Solvent-phase
(dichloromethane) COSMO calculations on 1a, 1a+, and
singlet-state 1a2+ similarly determined the 2-5,3-5,4-Mo1
conﬁguration to be a local minimum in each of these charge
states. Optimized geometries for the various charge states are
summarized in Table 4. It can be seen that optimized bond
lengths for the neutral cluster are almost invariably within 0.06
Å of the crystallographic values, for both metal−metal and
metal−bridging carbonyl interactions (with only Ir3−Mo1
exaggerated by as much as 0.11 Å). It is also evident that
neither inclusion of the solvent eﬀects nor oxidation has a
substantial eﬀect on the optimized geometry, conﬁrming the
robustness of the cluster geometry at our chosen level of
theory.
Because the IR spectra reported here indicate the attenuation
of the “bridging CO” feature in the spectrum of oxidized 1a, we
also pursued calculations on all-terminal variants of 1a, without
success. Repeated eﬀorts to isolate all-terminal structures in any
charge state, through unconstrained optimizations, instead led
to diﬀerently bridged isomers of 1a, as summarized in Table 5.
Partial optimizations were ﬁnally used to isolate all-terminal
structures, with O−C−M bond angles constrained to 178.0°;
these geometries, which are not genuine minima (but which we
assert to be the lowest-energy structures possessing all-terminal
Figure 6. Optimized geometries of 1a (i) based on the crystal
structure and (ii) alternate Ir3 face-capped structure with Cs symmetry.
Color code: fuchsia, Mo; teal, Ir; red, O; gray, C. Hydrogen atoms are
omitted for clarity.
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CO ligation), are invariably considerably elevated in energy
compared with the bridged structures.
While our calculations do not provide support for the
existence of all-terminal clusters in the oxidized forms of 1a,
they do indicate the existence of a substantial variety of bridging
motifs. For the neutral cluster, the geometry indicated by the
crystal structure is indeed the lowest-energy form that we have
isolated, but other bridging motifs appear to be favored (or at
least are not signiﬁcantly disfavored) in the oxidized forms.
Increased ﬂuxionality of the carbonyl bridges is a factor that
might be expected to inﬂuence the observed IR spectra of the
oxidized forms.
We have calculated UV−vis spectra for the neutral and
cationic forms of 1a using TD-DFT, at the SAOP/TZP//BP/
TZP level of theory. For 1a, we see a prominent peak at 440
nm, in good agreement with the laboratory result of a peak at
∼410 nm. For 1a+, the calculated spectrum retains this peak, at
a slightly larger intensity and mildly blue-shifted to ∼420 nm,
with no other signiﬁcant new features. For 1a2+, a similar
feature remains visible, again at a slightly greater intensity and
mildly blue-shifted to ∼400 nm, with a new spectral feature at
∼500 nm comparing favorably with that seen experimentally at
∼530 nm. The transitions leading to the 440 nm peak in 1a are
dominated by metal-to-ligand charge-transfer (MLCT) charac-
ter (with the occupied orbitals displaying molybdenum and
iridium character and the virtual orbitals displaying a greater
degree of character from both the carbonyl and cyclo-
pentadienyl ligands); the 500 nm peak in 1a2+ is also
dominated by MLCT character, with the key occupied orbitals
dominated by iridium and the virtual orbitals displaying
cyclopentadienyl-ligand π-bonding character.
■ DISCUSSION
Our earlier investigations of the reactivity of molybdenum/
tungsten triiridium clusters with tricarbonyl(cyclopentadienyl)-
metalate anions of the group 6 metals aﬀorded trigonal-
bipyramidal M2Ir3 clusters in which the group 6 metal atoms
are at the apexes [Figure 7(iv)].12 The present studies extend
signiﬁcantly the range of pentanuclear Mo/W−Ir clusters,
Table 4. Internuclear Distances Obtained for 1aq+ (q = 0, 1, 2) from DFT Calculations at the PBE/TZP Level of Theory
r(M−M) (Å) XRDa q = 0b q = 1b q = 2 (s)b,c q = 2 (t)d
Ir2−Ir3 2.7341(4) 2.789/2.782 2.840/2.835 2.912/2.910 2.770
Ir2−Ir4 2.7576(4) 2.739/2.750 2.761/2.774 2.801/2.787 2.764
Ir2−Ir5 2.7552(4) 2.792/2.799 2.770/2.773 2.770/2.768 2.798
Ir2−Mo1 2.8464(7) 2.793/2.800 2.807/2.809 2.872/2.881 2.837
Ir3−Ir4 2.7119(4) 2.773/2.805 2.814/2.830 2.861/2.866 2.805
Ir3−Ir5 2.7348(4) 2.794/2.801 2.758/2.762 2.734/2.738 2.765
Ir3−Mo1 2.7740(7) 2.889/2.888 2.896/2.899 2.916/2.913 2.901
Ir4−Mo1 2.7329(7) 2.775/2.767 2.703/2.691 2.626/2.615 2.662
Ir5−Mo1 2.8656(7) 2.920/2.927 2.968/3.095 2.971/2.961 2.942
Ir2−C251 2.055(8) 2.067/2.060 2.085/2.074 2.112/2.100 2.043
Ir3−C351 2.059(9) 2.060/2.048 2.076/2.062 2.112/2.091 2.017
Ir4−C141 2.061(7) 2.038/2.032 2.048/2.045 2.076/2.078 2.080
Ir5−C251 2.181(8) 2.114/2.112 2.078/2.083 2.038/2.044 2.088
Ir5−C351 2.124(8) 2.175/2.163 2.137/2.132 2.088/2.085 2.246
Mo1−C141 2.090(8) 2.108/2.117 2.113/2.118 2.114/2.111 2.104
aCrystal structure geometry. bValues shown are respectively from the vacuum-phase and solvent-corrected (dichloromethane) geometry
optimizations. cSinglet state. dTriplet state. Solvent-corrected optimization of this state was not undertaken.
Table 5. Bridging Motifs Found in Isomers of 1a, 1a+, and
1a2+ at the PBE/TZP Level of Theory
charge
state spin state bridginga Erel(vac)
b,c Erel(DCM)
b,d
0 singlet none 150.6 164.6
singlet 2,5/3,5/4,Mo1 0.0 0.0
singlet 2,5/3,5/4,Mo1/4,Mo1 20.7 23.7
1+ doublet none 81.5 88.3
doublet 2,4/4,Mo1 −1.2 3.1
doublet 2,5/3,5/4,Mo1 0.0 0.0
doublet 2,5/3,4/4,Mo1 4.7
doublet 2,5/3,5/4,Mo1/4,Mo1 5.4 8.1
2+ singlet none 87.4 100.5
singlet 2,5/3,5/4,Mo1 0.0 0.0
singlet 2,4/3,Mo1/4,Mo1 −9.6 −5.2
triplet none 100.7
triplet 3,4 71.3
triplet 2,4/3,4,Mo1 33.9
triplet 2,5/3,5/4,Mo1 43.0
aCarbonyl-bridged metal centers, where iridium atoms are identiﬁed
by the numbering shown in the structural study. bRelative energy in kJ
mol−1, referenced to the [2,5/3,5/4,Mo1] geometrythat is, the
structure consistent with the X-ray-diﬀraction-derived geometryfor
that charge state. cVacuum-phase geometry optimization. dSolvent-
corrected geometry optimization (solvent = dichloromethane). Note
that solvent-corrected calculations were not pursued for all geometries.
ePartial optimization, with O−C−M angles constrained to 178°.
Figure 7. Core geometries of (i) [P(CH2Ph)Ph3]2[Ir5(μ-H)(μ-
CO)2(CO)10], Ir5(μ-CO)3(η
1-Ph)(CO)9(PPh3), Ir5(μ-CO)4(μ-
η1,κ1(P)-C6H4-2-PPh2)(CO)7(PPh3), Ir5(μ-CO)4(η
1-Ph)(CO)7(η
2:η2-
C8H12), and Ir5(μ-CO)4(η
1-Ph)(CO)5(η
2:η2-C8H12)2, (ii) 1a−1d, (iii)
2, (iv) M2Ir3(μ3-H)(μ-CO)2(CO)9(η
5-C5H5−mMem)(η
5-C5H5−nMen)
(M = Mo, W; m = 0, 4; n = 4, 5) and M2Ir3(μ3-H)(μ-CO)2(CO)9(η
5-
C5H5−nMen)2 (M = Mo, W; n = 4, 5),
12 (v) 3a−3d, and (vi) 4 and 5.
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aﬀording the ﬁrst examples with the cores depicted in Figures
7(ii) (1a−1d), 7(iii) (2), 7(v) (3a−3d), and 7(vi) (4 and 5)
(hereafter referred to as core geometries 7(ii)−7(vi)). The
group 6 metal atoms invariably bear cyclopentadienyl ligands in
these clusters, but the present studies suggest that this
requirement does not preclude the possibility of trimolybde-
num/tritungsten diiridium examples on steric grounds, with
clusters 3−5 demonstrating that the core can accommodate
three cyclopentadienyl-ligated metal atoms arranged in either a
diapical−equatorial or an apical−diequatorial fashion. Despite
this, all extant closo clusters in the group 6 metal−iridium
system possess equal numbers of molybdenum/tungsten and
iridium, or are iridium-rich, suggestive of a dominant electronic
requirement. Together with the previously reported trigonal-
bipyramidal pentairidium clusters,29 the present clusters
complete a MxIr5−x (x = 0−2) core system (Figure 7).
The cluster cores depicted in Figures 7(ii,iii) and 7(iv−vi)
aﬀord the possibility of isomers by virtue of diﬀering metal
disposition. The formation of the isomers 3d and 4
(corresponding to diﬀering numbers of bridging carbonyl
ligands and a diﬀering metal disposition) is consistent with
comparable stability for these examples, while the exclusive
formation of 3b from an analogous reaction diﬀering solely in
replacement of the Ir(CO)2(η
5-C5Me4R) (R = H, Me) capping
group testiﬁes to the sensitivity of the product outcomes to
subtle variations in the reagents. The DFT calculations of 1a
are consistent with this observation, suggesting very little
energetic diﬀerence between the core isomer possibilities in
that case [corresponding to the observed core 7(ii) and the
possible core structure 7(iii)]. We have no mechanistic
information for the iridium-capping process in the present
system, but note that our studies of the capping of MIr3(μ-
CO)3(CO)8(η
5-C5H5−nMen) (M = Mo, W; n = 0, 4) with the
carbonylmetalate anions [M(CO)3(η
5-C5H5−nMen)]
− (M =
Mo, W; n = 4, 5), to aﬀord trigonal-bipyramidal clusters with
core geometry 7(iv), are suggestive of a mechanism involving
(a) addition, (b) removal of an apical vertex of an intermediate
trigonal-bipyramidal cluster to aﬀord a new tetrahedral cluster,
and then (c) further addition of a capping unit to aﬀord a new
trigonal-bipyramidal cluster.12 The operative mechanism(s) for
capping in these complexes is/are therefore potentially very
complex, and speculation is not warranted; in particular, we
cannot discard core metal atom ﬂuxionality and, although
unlikely, we cannot exclude cyclopentadienyl transfer between
iridium atoms, while we have previously noted the inability of
DFT to clarify pentanuclear clusters’ mechanism(s) of
formation.12
Cluster 2 exhibits two unique characteristics for this system:
its core geometry (Figure 7(iii)) and the C−H activation of a
methyl group. There is ample precedent for C−H cleavage of a
methyl group of a pentamethylcyclopentadienyl ligand (indeed,
C−H cleavage at two methyl groups of a cluster-bound C5Me5
ligand has been demonstrated).30 In the case of 2, the C−C
distances between the ring carbon atoms are all equivalent
within experimental error, the C−CH2 distance [C1−C6,
1.45(2) Å] is not signiﬁcantly shorter than the ring C−CH3
distances [1.49(2)−1.51(2) Å], and Ir5−C1 is too long for a
signiﬁcant bonding interaction [2.696(17) Å]; an η1:η5-
tetramethycyclopentadienylmethylene description (rather than
a η2:η4-fulvene interaction) therefore seems more appropriate.
Cyclic voltammetry studies revealed cathodic shifts in the
oxidation potential upon replacing molybdenum by tungsten
and upon increasing alkylation of the cyclopentadienyl ligands
that mimic those observed at the precursor tetrahedral
clusters.9q In the present series of trigonal-bipyramidal clusters,
the oxidation processes are increasingly reversible upon
reducing the iridium content of the clusters, replacing tungsten
by molybdenum, and increasing alkylation of the cyclo-
pentadienyl ligands, mirroring observations with their tetrahe-
dral precursors.9q A comparison of the electrochemical data of
the current series of clusters with that of their precursors9q
revealed an increase in the reversibility and a cathodic shift of
the ﬁrst oxidation process upon introduction of the capping
group. In situ IR and UV−vis−near-IR (NIR) spectroelec-
trochemical studies of the reversible oxidation processes in 1a
and 3a suggested progression to an all-terminal CO geometry
concomitant with the ﬁrst oxidation and a signiﬁcant structural
change upon the second oxidation step. Similarly, IR
spectroelectrochemical studies of W2Ir2(CO)10(η-C5H4Me)2
(the methylcyclopentadienyl analogue of a precursor tetrahe-
dral cluster in the present system) revealed an analogous
progressive disappearance of bridging CO bands on a ﬁrst
oxidation step.9q
DFT and TD-DFT have been used previously to rationalize
structural and spectroscopic data for molybdenum/tungsten−
iridium clusters9q,s,u,12 as well as to predict their ﬁrst
hyperpolarizabilities.31 The present studies have exploited
DFT in conjunction with spectroscopic data to suggest a likely
structure for 5 (with the probable alternatives being
considerably higher in energy). DFT studies have also revealed
that the crystallographically conﬁrmed Mo-equatorial core
geometry of 1a is essentially isoenergetic with a possible Mo-
apical isomer, the latter a core geometry observed with the C−
H activated product 2. Calculations on charged states of 1a
identiﬁed several bridging CO structures, in contrast to the
spectroscopic data that suggest an all-terminal CO disposition,
reiterating the caution that one must apply in tackling medium-
nuclearity clusters comprised of 4d and 5d metal atoms with
DFT. The UV−vis−NIR spectroelectrochemical data obtained
upon progressive oxidation to aﬀord 1a2+ revealed the
appearance of a broad low-energy band centered at ca. 520
nm for the doubly oxidized species that TD-DFT calculations
suggest has signiﬁcant Ir → cyclopentadienyl character.
Oxidation of the smaller W2Ir2(CO)10(η
5-C5H4Me)2 revealed
the appearance of a similar low-energy band in the UV−vis−
NIR spectrum, assigned by TD-DFT as primarily σ(W−W) →
σ*(W−W) in nature.9q The cluster core metal atoms are clearly
crucial for the low-energy bands observed in the spectra of both
the tetra- and pentanuclear clusters.
The present studies have demonstrated the utility of
Ir(CO)2(η
5-L′) (L′ = C5Me5, C5Me4H) as capping reagents
in eﬀecting a core-nuclearity increase in this mixed-metal
cluster system. While considerable success has been achieved
with cluster expansion using M(L)2Cp reagents (M = Co, Rh,
Ir; L = CO, alkene; Cp = C5H5, C9H7) in previous studies,
9c,32
these earlier reactions condense the group 9 metal reagent with
an unsaturated species, either those incorporating an alkylidene
ligand or those possessing multiple M−M bonding (preexisting
or generated in situ). Indeed, M(CO)2(η
5-C5H5) (M = Rh, Ir)
was identiﬁed as an undesirable byproduct that impeded cluster
formation in some reactions employing M(η2-C2H4)2(η
5-
C5H5).
32i,j We have previously shown that replacing cyclo-
pentadienyl with tetra/pentamethylcyclopentadienyl in carbon-
ylmetalate reagents is essential to achieving redox condensation
with the tetrahedral clusters MIr3(μ-CO)3(CO)8(η
5-
C5H5−nMen) (M = Mo, W; n = 0, 4);
12 in the present case,
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signiﬁcant alkylation of the iridium capping reagents similarly
enhances their nucleophilicity, suﬃcient to ensure condensa-
tion and cluster nuclearity increases.
■ CONCLUSION
Mixed-metal cluster chemistry has focused strongly on lower-
nuclearity species (Mn, n = 3, 4) primarily because of the lack of
eﬃcient routes to higher-nuclearity examples. The present
studies have now aﬀorded access to a systematically varied suite
of trigonal-bipyramidal clusters MnIr5−n (n = 0−2) exhibiting all
possible core metal dispositions. The cyclic voltammetry
studies herein have revealed that the redox potentials of these
clusters are a function of the cluster composition (nature of
group 6 metal, group 6−group 9 metal ratio, and degree of
alkylation of cyclopentadienyl ligand), and so the electron
richness of the cluster can be controlled by composition
modiﬁcation. The lowest-lying transitions in such clusters
involve signiﬁcant metal atom character, so linear optical,
nonlinear-optical, and optical limiting properties are potentially
strongly inﬂuenced by core metal variation; the present series
aﬀords the possibility of testing this idea in a systematic fashion.
Mixed-metal clusters have long been touted as potential
precursors to heterobimetallic catalysts, in which the speciﬁc
metal dispositions and local environments can be controlled
because the ligand sheath can be removed under mild
conditions (indeed, tetrahedral examples MIr3 and M2Ir2 with
this same mixed-metal combination show diﬀering behavior
toward butane hydrogenolysis); the MnIr5−n clusters, with their
varying core metal dispositions, will permit studies exploring
these possibilities, with the greater diversity inherent in
pentanuclear cluster precursors. The present report also
highlights the utility of Ir(CO)2(η
5-L′) (L′ = C5Me5,
C5Me4H) as a capping reagent to eﬀect a core-nuclearity
increase in cluster chemistry and the necessity of using highly
alkylated cyclopentadienyl ligands to ensure suﬃciently
nucleophility in the capping reagent.
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C.; Walther, B. Inorg. Chim. Acta 1991, 184, 27. (k) Chisholm, M. H.;
Inorganic Chemistry Article
dx.doi.org/10.1021/ic401502f | Inorg. Chem. 2013, 52, 11256−1126811267
	  	   42	  
Johnston, V. J.; Eisenstein, O.; Streib, W. E. Angew. Chem., Int. Ed.
Engl. 1992, 31, 896. (l) Bantel, H.; Powell, A. K.; Vahrenkamp, H.
Chem. Ber. 1990, 123, 677.
Inorganic Chemistry Article
dx.doi.org/10.1021/ic401502f | Inorg. Chem. 2013, 52, 11256−1126811268
	  	   43	  



















	  	   44	  
	  
	  
	  
	  	   45	  
	  	   46	  
	  
	  	   47	  
	  	   48	  
	  
	  	   49	  
	  
	  	   50	  
	  
	  	   51	  
	  	   52	  
	  
	   	  
	  	   53	  
Publication2 
 
 
Phosphine, Isocyanide, and Alkyne Reactivity atPentanuclear 
Molybdenum/Tungsten–IridiumClusters 
 
 
Peter V. Simpson, Michael D. Randles, Vivek Gupta, Junhong Fu, Graeme J. 
Moxey,Torsten Schwich, Mahbod Morshedi, Marie P. Cifuentes and Mark G. 
Humphrey* 
 
Research School of Chemistry, Australian National University (ANU), Canberra, ACT 
0200, Australia 
 
 
Dalton Trans. 2015, 44, 7292−7304 
 
 
 
 
 
 
 
	  	   54	  
Dalton
Transactions
PAPER
Cite this: Dalton Trans., 2015, 44,
7292
Received 5th February 2015,
Accepted 11th March 2015
DOI: 10.1039/c5dt00525f
www.rsc.org/dalton
Phosphine, isocyanide, and alkyne reactivity at
pentanuclear molybdenum/tungsten–iridium
clusters†
Peter V. Simpson, Michael D. Randles, Vivek Gupta, Junhong Fu, Graeme J. Moxey,
Torsten Schwich, Mahbod Morshedi, Marie P. Cifuentes and Mark G. Humphrey*
The trigonal bipyramidal clusters M2Ir3(μ-CO)3(CO)6(η5-C5H5)2(η5-C5Me4R) (M = Mo, R = Me 1a, R = H;
M = W, R = Me, H) reacted with isocyanides to give ligand substitution products M2Ir3(μ-CO)3(CO)5(CNR’)-
(η5-C5H5)2(η5-C5Me4R) (M = Mo, R = Me, R’ = C6H3Me2-2,6 3a; M = Mo, R = Me, R’ = tBu 3b), in which
core geometry and metal atom locations are maintained, whereas reactions with PPh3 aﬀorded M2Ir3-
(μ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5Me4R) (M = Mo, R = Me 4a, H 4c; M = W, R = Me 4b, H), with reten-
tion of core geometry but with eﬀective site-exchange of the precursors’ apical Mo/W with an equatorial
Ir. Similar treatment of trigonal bipyramidal MIr4(μ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) (M = Mo 2a, W 2b) with
PPh3 aﬀorded the mono-substitution products MIr4(μ-CO)3(CO)6(PPh3)(η5-C5H5)(η5-C5Me5) (M = Mo 5a;
M = W 5b), and further reaction of the molybdenum example 5a with excess PPh3 aﬀorded the bis-substi-
tuted cluster MoIr4(μ3-CO)2(μ-CO)2(CO)4(PPh3)2(η5-C5H5)(η5-C5Me5) (6). Reaction of 1a with diphenylace-
tylene proceeded with alkyne coordination and CuC cleavage, aﬀording Mo2Ir3(μ4–η2-PhC2Ph)-
(μ3-CPh)2(CO)4(η5-C5H5)2(η5-C5Me5) (7a) together with an isomer. Reactions of 2a and 2b with PhCuCR
aﬀorded MIr4(μ3–η2-PhC2R)(μ3-CO)2(CO)6(η5-C5H5)(η5-C5Me5) (M = Mo, R = Ph 8a; M = W, R = Ph 8b, H;
M = W, R = C6H4(C2Ph)-3 9a, C6H4(C2Ph)-4), while addition of 0.5 equivalents of the diynes 1,3-
C6H4(C2Ph)2 and 1,4-C6H4(C2Ph)2 to WIr4(μ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) gave the linked clusters
[WIr4(CO)8(η5-C5H5)(η5-C5Me5)]2(μ6–η4-PhC2C6H4(C2Ph)-X) (X = 3, 4). The structures of 3a, 4a–4c, 5b, 6,
7a, 8a, 8b and 9a were determined by single-crystal X-ray diﬀraction studies, establishing the core iso-
merization of 4, the site selectivity for ligand substitution in 3–6, the alkyne CuC dismutation in 7, and
the site of alkyne coordination in 7–9. For clusters 3–6, ease of oxidation increases on increasing donor
strength of ligand, increasing extent of ligand substitution, replacing Mo by W, and decreasing core Ir
content, the Ir-rich clusters 5 and 6 being the most reversible. For clusters 7–9, ease of oxidation
diminishes on replacing Mo by W, increasing the Ir content, and proceeding from mono-yne to diyne,
although the latter two changes are small. In situ UV-vis-near-IR spectroelectrochemical studies of the
(electrochemically reversible) reduction process of 8b were undertaken, the spectra becoming increas-
ingly broad and featureless following reduction. The incorporation of isocyanides, phosphines, or alkyne
residues in these pentanuclear clusters all result in an increased ease of oxidation and decreased ease of
reduction, and thereby tune the electron richness of the clusters.
Introduction
Transition metal carbonyl clusters have attracted long-standing
interest.1 Due to ease of synthetic access to such species, con-
siderable eﬀort has been expended defining the reactivity of
low-nuclearity (Mn, n = 3, 4) homometallic clusters; medium-
(n = 5, 6) and higher-nuclearity (n ≥ 7) examples are compara-
tively less-explored, although the increasing metal loading on
an organic substrate that is possible with such clusters may
aﬀord enhanced or heretofore unobserved forms of activation.2
In this context, heterometallic clusters are also less explored,
†Electronic supplementary information (ESI) available: Synthesis and spectro-
scopic characterization details for 3b, 4b, 4c, 4d, 5b, 8b, 8c, 9b, and 10b, X-ray
crystallographic data in CIF format for 3a, 4a–4c, 5b, 6, 7a, 8a, 8b, and 9a,
crystal data for 3a, 4a–4c, 5b, 6, 7a, 8a, 8b, and 9a, ORTEP plots of 4b, 4c, 8a,
and 8b, and one of the two crystallographically distinct molecules of each of 6
and 7a, and UV-vis spectral data during reduction of 8b. CCDC 1018833 (3a),
1018834 (4a), 1018835 (4b), 1018836 (4c), 1018837 (5b), 1018838 (6), 1018839
(7a), 1018840 (8a), 1018841 (8b), and 1018842 (9a). For ESI and crystallographic
data in CIF or other electronic format see DOI: 10.1039/c5dt00525f
Research School of Chemistry, Australian National University, Canberra, ACT 2601,
Australia. E-mail: Mark.Humphrey@anu.edu.au; Fax: +61 2 6125 0750;
Tel: +61 2 6125 2927
7292 | Dalton Trans., 2015, 44, 7292–7304 This journal is © The Royal Society of Chemistry 2015
Pu
bli
sh
ed
 on
 13
 M
arc
h 2
01
5. 
Do
wn
loa
de
d b
y A
us
tra
lia
n N
ati
on
al 
Un
ive
rsi
ty 
on
 01
/12
/20
15
 04
:38
:06
. 
View Article Online
View Journal  | View Issue
	  	   55	  
with the vast majority of examples studied thus far incorporat-
ing metal atoms from either the same transition series group
or from adjacent groups; mixed-metal clusters containing dis-
parate metals are still under-represented, despite the fact that
the resultant (more) polar metal–metal bonds may provide
additional avenues for substrate activation.3 The varying con-
stituent metals of the cluster core in mixed-metal clusters
also aﬀord the possibility of probing metallo-, bond-, and site-
selectivity for a variety of reagents. Reactivity studies of
medium- and high-nuclearity mixed-metal clusters incorporat-
ing disparate metals are therefore of considerable interest.
Phosphines and alkynes are arguably the archetypal sub-
strates for exploring two-electron donor ligand and cluster-
bound C-ligand chemistry, respectively, while isocyanides CNR
are carbonyl-like ligands with considerable flexibility in com-
position. We have previously reported extensive studies of the
phosphine, isocyanide, and alkyne chemistry of the tetrahedral
group 6-group 9 transition metal clusters MIr3(CO)11(η5-C5R5)
and M2Ir2(CO)10(η5-C5R5)2 (M = Mo, W; R5 = H5, H4Me, HMe4,
Me5),4 defining the isomers’ structures, distribution and CO
fluxionality resultant upon mono- to tris-phosphine and iso-
cyanide substitution, and aﬀording an array of unique aryl-
diyne- and -triyne-linked oligoclusters. However, as mentioned
above, the diversity of the chemistry is constrained by the low-
nuclearity of the cluster. We very recently reported the high-
yielding syntheses and structural characterization of the trigo-
nal bipyramidal clusters M2Ir3(μ-CO)3(CO)6(η5-C5H5)2(η5-C5Me4R)
(R = Me, M = Mo 1a, W 1b; R = H, M = Mo 1c, W 1d) and
MIr4(μ-CO)3(CO)7(η5-C5H5)(η5-C5Me4R) (R = Me, M = Mo 2a,
W 2b; R = H, M = Mo 2c, W 2d).5 We report herein the results
of studies exploring the isocyanide and phosphine substitution
chemistry of these pentanuclear clusters, as well as their reac-
tivity towards arylalkynes, with the products from these
studies featuring cluster core isomerization, site selectivity for
ligand substitution, and alkyne CuC dismutation.
Experimental
General conditions and reagents
Reactions were performed under an atmosphere of nitrogen
using standard Schlenk techniques, although no special pre-
cautions were taken to exclude air in the work-ups. Reactions
were monitored regularly by IR spectroscopy to ensure con-
sumption of the starting cluster. Solvents used in reactions
were AR grade and distilled under nitrogen using standard
methods: CH2Cl2 over CaH2, toluene and THF over sodium
benzophenone ketyl. All other solvents and other reagents
were obtained commercially and were used as received. Petrol
refers to a fraction of boiling range 60–80 °C. Cluster products
were purified by preparative thin-layer chromatography (TLC)
on 20 × 20 cm glass plates coated with Merck GF254 silica gel
(0.5 mm). Analytical TLC was conducted on aluminium sheets
coated with 0.25 mm Merck GF254 silica gel. Literature pro-
cedures were used to synthesize 1a–1d and 2a–2d.5 The syn-
theses of Mo2Ir3(μ-CO)3(CO)5(CNtBu)(η5-C5H5)2(η5-C5Me5) (3b),
W2Ir3(μ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5Me5) (4b), Mo2Ir3-
(μ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5Me4H) (4c), W2Ir3(μ-CO)4-
(CO)4(PPh3)(η5-C5H5)2(η5-C5Me4H) (4d), WIr4(μ-CO)3(CO)6-
(PPh3)(η5-C5H5)(η5-C5Me5) (5b), WIr4(μ3–η2-PhC2Ph)(μ3-CO)2-
(CO)6(η5-C5H5)(η5-C5Me5) (8b), WIr4(μ3–η2-HC2Ph)(CO)8-
(η5-C5H5)(η5-C5Me5) (8c), WIr4(μ3–η2-PhCCC6H4(C2Ph)-4)(CO)8-
(η5-C5H5)(η5-C5Me5) (9b) and [WIr4(CO)8(η5-C5H5)(η5-C5Me5)]2-
(μ6–η4-PhCCC6H4(CCPh)-4) (10b) and reactions of 2a with
CNBut and CNC6H3Me2-2,6 and 2c and 2d with PPh3 are given
in the ESI.†
Instrumentation
Infrared spectra were recorded on PerkinElmer System 2000
and PerkinElmer Spectrum One FT-IR spectrometers using a
CaF2 solution cell and AR grade n-hexane or CH2Cl2 solvent;
spectral features are reported in cm−1. 1H NMR spectra were
recorded on a Varian Gemini-300 spectrometer at 300 MHz in
CDCl3 (Cambridge Isotope Laboratories) and referenced to
residual solvent (δ 7.26). 31P NMR spectra were recorded on a
Varian Gemini-300 spectrometer at 121 MHz in CDCl3 and
referenced to external 85% H3PO4. Unit resolution and high-
resolution ESI mass spectra were recorded on a Micromass-
Waters LC-ZMD single quadrupole liquid chromatograph-MS
instrument, and are reported in the form: m/z (assignment,
relative intensity). Microanalyses were carried out at the Micro-
analysis Service Unit in the Research School of Chemistry,
ANU, or at the School of Human Sciences, Science Centre,
London Metropolitan University, UK.
Cyclic voltammetry
Measurements were recorded at room temperature using an
EA161 potentiostat and e-corder from eDaq Pty Ltd, with plati-
num disk working, platinum wire auxiliary, and Ag/AgCl reference
electrodes, such that the ferrocene/ferrocenium redox couple was
located at 0.56 V (ipc/ipa = 1; ΔEp = 0.09 V). Scan rates were typi-
cally 100 mV s−1. Solutions contained 0.1 M (NnBu4)PF6 and ca.
10−3 M complex in dried, distilled dichloromethane, and were
deoxygenated and maintained under a nitrogen atmosphere.
Spectroelectrochemical studies
Electronic spectra of 8b were recorded using a Cary 5 spectro-
photometer. Solution spectra of the oxidized species were
obtained at 298 K by electrogeneration in a custom-built opti-
cally transparent thin-layer electrochemical (OTTLE) cell with
potentials of ca. 200 mV beyond E1/2 to ensure complete elec-
trolysis. The solution was made using 0.3 M (NnBu4)PF6 in
dried, distilled dichloromethane under a nitrogen atmosphere.
Syntheses
Synthesis of Mo2Ir3(μ-CO)3(CO)5(CNC6H3Me2-2,6)(η5-C5H5)2-
(η5-C5Me5) (3a). CNC6H3Me2-2,6 (3.0 mg, 23.3 μmol) was
added to a brown solution of Mo2Ir3(μ-CO)3(CO)6(η5-C5H5)2(η5-
C5Me5) (1a) (10.0 mg, 7.8 μmol) in THF (10 mL) and the resul-
tant mixture was heated at reflux for 20 h. The solution was
taken to dryness in vacuo, and the crude residue dissolved in
the minimum amount of CH2Cl2 and applied to a silica pre-
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parative TLC plate. Elution with CH2Cl2–petrol (4 : 1) aﬀorded
four bands. The contents of the first (Rf = 0.7, yellow), second
(Rf = 0.4, brown) and third (Rf = 0.2, brown) bands were in
trace amounts and were not isolated. The contents of the
fourth band (Rf = 0.1, brown) were extracted into CH2Cl2,
which was then reduced in volume to aﬀord a brown solid
identified as 3a (5.9 mg, 55%). IR (CH2Cl2): ν(NC) 2111 w,
ν(CO) 2003 s, 1963 w br, 1947 w sh, 1869 w, 1822 w cm−1. 1H
NMR: δ 7.10–7.16 (m, 3H, C6H3), 5.15 (s, 5H, C5H5), 5.00 (s,
5H, C5H5), 2.41 (s, 6H, Me), 1.92 (s, 15H, C5Me5). MS (ESI):
calc., C37H34Ir3Mo2NO8, 1389 ([M]+); found, 1389 ([M]+, 7),
1361 ([M − CO]+, 5), 1333 ([M − 2CO]+, 14), 1305 ([M − 3CO]+,
35), 1277 ([M − 4CO]+, 100), 1249 ([M − 5CO]+, 16). Anal: calc.
for C37H34Ir3Mo2NO8: C 31.99, H 2.47, N 1.01%: found
C 31.61, H 2.77, N 1.00%.
Synthesis of Mo2Ir3(μ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5Me5)
(4a). PPh3 (13.5 mg, 51.5 μmol) was added to a brown solution
of Mo2Ir3(μ-CO)3(CO)6(η5-C5H5)2(η5-C5Me5) (1a) (14.0 mg,
10.9 μmol) in THF (10 mL) and the resultant mixture was
heated at reflux for 20 h. The solution was taken to dryness
in vacuo, and the crude residue dissolved in the minimum
amount of CH2Cl2 and applied to a silica preparative TLC
plate. Elution with CH2Cl2–petrol (4 : 1) aﬀorded two bands.
The contents of the first (Rf = 0.4, brown) band were in trace
amounts and were not isolated. The contents of the second
band (Rf = 0.2, red-brown) were extracted into CH2Cl2, which
was then reduced in volume to aﬀord a red-brown solid identi-
fied as 4a (14.2 mg, 86%). IR (CH2Cl2): ν(CO) 2006 s, 1956 s br,
1868 w, 1771 m br, 1712 m br cm−1. 1H NMR: δ 7.58–7.43 (m,
15H, Ph), 4.80 (s, 10H, Cp), 1.84 (s, 15H, C5Me5). 31P NMR
(CDCl3): δ 19.1 (s, PPh3). MS (ESI): calc., C46H40Ir3Mo2O8P,
1520 ([M]+); found, 1559 ([M + K]+, 9), 1543 ([M + Na]+, 17),
1520 ([M]+, 9), 1492 ([M − CO]+, 10), 1464 ([M − 2CO]+, 37),
1436 ([M − 3CO]+, 35), 1408 ([M − 4CO]+, 47), 1380 ([M −
5CO]+, 100), 1352 ([M − 6CO]+, 46). Anal: calc. for
C46H40Ir3Mo2O10P: C 36.34, H 2.65%: found C 36.45, H 2.35%.
Synthesis of MoIr4(μ-CO)3(CO)6(PPh3)(η5-C5H5)(η5-C5Me5)
(5a). PPh3 (1.9 mg, 7.36 μmol) was added to a brown solution
of MoIr4(μ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) (2a) (9.9 mg,
7.36 μmol) in CH2Cl2 (5 mL) and the resultant mixture was
stirred for 20 h. The solution was taken to dryness in vacuo,
and the crude residue dissolved in the minimum amount of
CH2Cl2 and applied to a silica preparative TLC plate. Elution
with CH2Cl2–petrol (4 : 1) aﬀorded four bands. The contents of
the first (Rf = 0.7, yellow) and fourth (Rf = 0.1, pink) bands
were in trace amounts and were not isolated. The contents of
the second band (Rf = 0.6, brown) were extracted into CH2Cl2
and the extract then reduced in volume, to aﬀord an orange
solid identified as MoIr3(μ-CO)3(CO)6(PPh3)2(η5-C5H5) (2.7 mg,
48%) by MS and IR spectral comparison to an authentic
sample.6 The contents of the third band (Rf = 0.4, red-brown)
were extracted into CH2Cl2 and the extract was then reduced in
volume, to aﬀord a red-brown solid identified as 5a (5.6 mg,
48%). IR (CH2Cl2): ν(CO) 2056 m, 2024 w sh, 2006 sh, 1995 s,
1963 w sh, 1879 w br, 1811 w, 1767 w, 1740 m cm−1. 1H NMR: δ
7.36–7.38 (m, 15H, PPh3), 5.01 (s, 5H, C5H5), 1.85 (s, 15H,
C5Me5). 31P NMR: δ 16.5 (PPh3). MS (ESI): calc.,
C42H35Ir4MoO9P, 1579 ([M]+); found, 1579 ([M]+, 100). Anal: calc.
for C42H35Ir4MoO9P: C 31.94, H 2.23%: found C 32.18, H 2.00%.
Synthesis of MoIr4(μ3-CO)2(μ-CO)2(CO)4(PPh3)2(η5-C5H5)(η5-
C5Me5) (6). PPh3 (2.2 mg, 8.4 mmol) was added to a solution
of MoIr4(μ-CO)3(CO)6(PPh3)(η5-C5H5)(η5-C5Me5) (5a, 4.4 mg,
2.8 mmol) in THF (5 mL), and the resultant solution was
heated at reflux for 6 h. The solution was taken to dryness
in vacuo, and the crude residue dissolved in the minimum
amount of CH2Cl2 and applied to a silica preparative TLC
plate. Elution with CH2Cl2–petrol (4 : 1) aﬀorded three bands.
Bands appearing in trace amounts were not isolated. The con-
tents of the second band (Rf = 0.6, red) were extracted with
CH2Cl2 and the extracts reduced in volume to aﬀord a red
solid (0.7 mg, 16%), identified as 5a from IR spectral compar-
ison to an authentic sample. The contents of the third band
(Rf = 0.2) were extracted into CH2Cl2, which was then reduced
in volume to aﬀord a brown solid, identified crystallographi-
cally as 6 (3.7 mg, 73%). IR (CH2Cl2): ν(CO) 1999 m,
1974 m, 1943 m, 1870 w, 1786 w, 1734 w, 1671 w cm−1. 1H
NMR: δ 7.23–7.45 (m, 30H, PPh3), 4.49 (s, 5H, C5H5), 1.94 (s,
15H, C5Me5). 31P NMR: δ 33.3, −3.7 (PPh3). MS (ESI): calc.,
C59H50Ir4MoO8P2, 1818.0553 ([M]+); found, 1818.0544 ([M]+).
Anal: calc. for C59H50Ir4MoO8P2: C 39.07, H 2.78%: found
C 38.97, H 2.79%.
Synthesis of Mo2Ir3(μ4–η2-PhC2Ph)(μ3-CPh)2(CO)4(η5-C5H5)2-
(η5-C5Me5) (7a). Diphenylacetylene (2.3 mg, 12.9 μmol) was
added to a brown solution of Mo2Ir3(μ-CO)3(CO)6(η5-C5H5)2-
(η5-C5Me5) (1a) (16.7 mg, 13.0 μmol) in toluene (10 mL) and
the resultant mixture was heated at reflux for 1 h, monitoring
by IR spectroscopy. The solution was taken to dryness in vacuo,
and the crude residue was dissolved in the minimum amount
of CH2Cl2 and applied to a silica preparative TLC plate.
Elution with CH2Cl2–petrol (1 : 1) aﬀorded four bands. The
contents of the first band (Rf = 0.7, orange) were extracted with
CH2Cl2 and reduced in volume to aﬀord an orange solid,
identified as 7a (2.1 mg, 11%). IR (CH2Cl2): ν(CO) 1992 vs,
1939 s cm−1. 1H NMR: δ 7.38–6.38 (m, 20H, Ph), 4.69 (s, 5H,
Cp), 4.40 (s, 5H, Cp), 1.42 (s, 15H, C5Me5). MS (ESI): calc.,
C52H45Ir3Mo2O4, 1502 ([M]+); found, 1541 ([M + K]+, 45), 1525
([M + Na]+, 100), 1502 ([M]+, 51), 1474 ([M − CO]+, 39). Anal:
calc. for C52H45Ir3Mo2O4: C 41.57, H 3.02%: found C 41.45, H
2.74%. The contents of the second band (Rf = 0.5, purple) were
extracted into CH2Cl2, which was then reduced in volume to
aﬀord a purple solid identified as 7b (2.4 mg, 12%). IR
(CH2Cl2): ν(CO) 1993 vs, 1936 s, 1754 w, 1715 m cm−1. 1H
NMR: δ 7.03–6.35 (m, 20H, Ph), 5.18 (s, 10H, C5H5), 1.92 (s,
15H, C5Me5). MS (ESI): calc., C52H45Ir3Mo2O4, 1502 ([M]+);
found, 1541 ([M + K]+, 34), 1525 ([M + Na]+, 100), 1502 ([M]+,
32), 1474 ([M − CO]+, 21). Anal: calc. for C52H45Ir3Mo2O4: C
41.57, H 3.02%: found C 41.78, H 2.74%. The contents of the
third band (Rf = 0.4, green) were extracted into CH2Cl2, which
was then reduced in volume to aﬀord a green solid, identified
as Mo2Ir2(μ4–η2-PhC2Ph)(CO)8(η5-C5H5)2 (0.4 mg, 3%) by IR
spectral comparison to an authentic sample.7 The contents of
the fourth band (Rf = 0.3, dark brown) were extracted into
Paper Dalton Transactions
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CH2Cl2, which was then reduced in volume to aﬀord a brown
solid, identified as unreacted Mo2Ir3(μ-CO)3(CO)6(η5-C5H5)2-
(η5-C5Me5) (1a) (4.6 mg, 28%) by IR spectral comparison to an
authentic sample.5
Synthesis of MoIr4(μ3–η2-PhC2Ph)(μ3-CO)2(CO)6(η5-C5H5)(η5-
C5Me5) (8a). Diphenylacetylene (7.0 mg, 39.3 μmol) was added
to a red-brown solution of MoIr4(μ-CO)3(CO)7(η5-C5H5)(η5-
C5Me5) (2a) (4.5 mg, 3.3 μmol) in CH2Cl2 (5 mL) and the resul-
tant mixture was heated at reflux for 3 h, the extent of reaction
being monitored by IR spectroscopy. The solution was taken to
dryness in vacuo, and the crude residue dissolved in the
minimum amount of CH2Cl2 and applied to a silica prepara-
tive TLC plate. Elution with CH2Cl2–petrol (1 : 1) aﬀorded one
band (Rf = 0.30, brown); extraction into CH2Cl2 and reduction
in volume of the extract aﬀorded a brown solid identified as 8a
(4.0 mg, 82%). IR (CH2Cl2): ν(CO) 2034 vw, 2015 s, 1999 s, 1977
w, 1943 w, 1682 m, 1671 w cm−1. 1H NMR: δ 7.06–6.78 (m,
10H, Ph), 5.45 (s, 5H, Cp), 1.99 (s, 15H, C5Me5). MS (ESI): calc.,
C37H30Ir4MoO8, 1468 ([M]+); found, 1507 ([M + K]+, 54), 1491
([M + Na]+, 100), 1468 ([M]+, 69). Anal: calc. for C37H30Ir4MoO8:
C 30.28, H 2.06%: found C 30.11, H 1.90%.
Synthesis of WIr4{μ3–η2-PhC2C6H4(CuCPh)–3}(μ3-CO)2-
(CO)6(η5-C5H5)(η5-C5Me5) (9a). 1,3-Bis(phenylethynyl)benzene
(2.0 mg, 7.2 μmol) was added to a solution of WIr4(μ-CO)3-
(CO)7(η5-C5H5)(η5-C5Me5) (2b) (10.0 mg, 7.0 μmol) in CH2Cl2,
and the resultant solution heated at reflux for 17 h, the extent
of reaction being monitored by IR spectroscopy. The solution
was taken to dryness in vacuo, and the crude residue dissolved
in the minimum amount of CH2Cl2 and applied to a silica pre-
parative TLC plate. Elution with CH2Cl2–petrol (3 : 1) aﬀorded
at least six bands; bands appearing in trace amounts were not
isolated. The contents of the fifth band (Rf = 0.2, green) were
extracted with CH2Cl2 and the extracts reduced in volume to
aﬀord a green solid, identified as 9a (5.2 mg, 44%). IR
(n-hexane): ν(CO) 2040 w, 2025 vs, 2006 s, 1983 m, 1952 w,
1692 w, 1673 m cm−1. 1H NMR: δ 7.51–6.77 (m, 14H, C6H4 +
Ph), 5.60 (s, 5H, C5H5), 1.89 (s, 15H, C5Me5). MS (ESI): calcu-
lated, C45H35Ir4O8W, 1659.0359 ([M + H]+); found, 1659.0354
([M + H]+). Slow decomposition of 9a precluded elemental
analysis.
Synthesis of [WIr4(μ3-CO)2(CO)6(η5-C5H5)(η5-C5Me5)]2(μ6–η4-
PhC2C6H4(C2Ph)-3) (10a). 1,3-Bis(phenylethynyl)benzene
(1.0 mg, 3.6 μmol) was added to a solution of WIr4(μ-CO)3-
(CO)7(η5-C5H5)(η5-C5Me5) (2b) (10.0 mg, 7.0 μmol) in CH2Cl2,
and the resultant solution was heated at reflux for 19 h, the
extent of reaction being monitored by IR spectroscopy. The
solution was taken to dryness in vacuo, and the crude residue
dissolved in the minimum amount of CH2Cl2 and applied to a
silica preparative TLC plate. Elution with CH2Cl2–petrol (3 : 1)
aﬀorded at least six bands; bands appearing in trace amounts
were not isolated. The contents of the fifth band (Rf = 0.2,
green) were extracted with CH2Cl2 and the extracts reduced in
volume to aﬀord a green solid, identified as 9a (4.0 mg,
2.4 μmol, 34%) by IR spectroscopic comparison with an auth-
entic sample. The baseline was collected, extracted with
CH2Cl2 and re-applied to a silica preparative TLC plate.
Elution with acetone–petrol (2 : 3) aﬀorded two bands; the con-
tents of the first band (Rf = 0.5, green) occurred in trace
amounts and were not isolated. The contents of the second
and major band (Rf = 0.4, green) were extracted into CH2Cl2,
which was then reduced in volume to aﬀord a green solid,
identified as 10a (1.6 mg, 7%). IR (CH2Cl2): ν(CO) 2035 w sh,
2015 s, 2002 s, 1976 m, 1944 w, 1682 w, 1662 w br cm−1. MS
(ESI): calculated, C68H54Ir8O16W2, 3037.9466 ([M]+); found,
3037.9460 ([M]+). The low yield precluded NMR spectroscopic
and microanalytical analysis.
X-ray crystallographic studies
General. The crystal and refinement data for compounds
3a, 4a–4c, 5b, 6, 7a, 8a, 8b and 9a are summarized in
Table S1.† Crystals suitable for the X-ray structural analyses
were grown by liquid diﬀusion of methanol into a dichloro-
methane solution (3a, 4b, 4c, 8b, 9a), liquid diﬀusion of
ethanol into a dichloromethane solution (4a, 7a, 8a), liquid
diﬀusion of methanol into a chloroform solution (5b) or liquid
diﬀusion of hexane into a dichloromethane solution (6) at
277 K. Suitable crystals were mounted on fine glass capillaries,
and intensity data were collected on a Nonius KAPPA CCD
diﬀractometer at 200 K using graphite-monochromated Mo-Kα
radiation (λ = 0.71073 Å). Nt (total) reflections were measured
by using psi and omega scans and were reduced to No unique
reflections, with Fo > 2σ(Fo) being considered to be observed.
Data were initially processed and corrected for absorption by
using the programs DENZO8 and SORTAV.9 The structures
were solved using direct methods and observed reflections
were used in least-squares refinement on F2, with anisotropic
thermal parameters refined for non-hydrogen atoms. Hydro-
gen atoms were constrained in calculated positions and
refined with a riding model. Structure solutions and refine-
ments were performed by using the CRYSTALS10 software
package or the programs SHELXS-97 and SHELXL-9711
through the graphical interface Olex2,12 which was also used
to generate the figures. In all structures, the largest peaks in
the final diﬀerence electron map are located near the metal
atoms. Crystallographic data for the structural analyses have
been deposited with the Cambridge Crystallographic Data
Centre, CCDC numbers 1018833–1018842.
Variata. 4a. Disordered lattice solvent could not be success-
fully modelled, so was removed from the refinement using
PLATON SQUEEZE.13 4b. Anisotropic displacement parameter
restraints were applied to phenyl rings C21–C26, C27–C32 and
C33–C38 of the triphenylphosphine moiety. Disordered lattice
solvent could not be successfully modelled and was therefore
removed from the refinement using PLATON SQUEEZE.13 6.
The asymmetric unit contains two cluster molecules and three
molecules of dichloromethane. The Flack14 parameter refined
to 0.491(8) indicating a nearly 50 : 50 inversion twin. A check
in PLATON ADDSYM15 confirmed that no additional
symmetry elements needed to be added to the space group,
and thus Pca21 was the most suitable space group. Bond dis-
tance restraints were applied to the two pentamethyl-
cyclopentadienyl ligands and the three lattice
Dalton Transactions Paper
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dichloromethane molecules. Anisotropic displacement para-
meter restraints were applied to atoms C222, O222, C551,
O551, C881 and O881 (carbonyl ligands) and the cyclopenta-
dienyl and triphenylphosphine ligands. 7a. The asymmetric
unit contains one and a half cluster molecules; the second
cluster molecule is generated through a mirror plane that
passes through Mo6, Ir8 and Mo9. Disordered lattice solvent
could not be successfully modelled and was therefore removed
from the refinement using PLATON SQUEEZE.13 8a. The Cp
ligand (C1–C5) exhibited positional disorder. This was success-
fully modelled using a two-level model with 0.51(0.01) : 0.49
occupancy levels, in conjunction with anisotropic displace-
ment parameter restraints. 6b. The asymmetric unit contains
one cluster molecule, and two half molecules of dichloro-
methane. The Cp ligand (C1–C5) exhibited positional disorder,
successfully modelled using a two-level model with 0.59
(0.01) : 0.41 occupancy levels, in conjunction with anisotropic
displacement parameter restraints. Anisotropic displacement
parameter restraints were also applied to the lattice dichloro-
methane molecules. 9a. Anisotropic displacement parameter
restraints were applied to atoms C16–C37 (alkyne ligand),
atoms C1–C5, C6–C15 (Cp ligands), and the C and O atoms of
all carbonyl ligands. Disordered lattice solvent could not be
successfully modelled and was therefore removed from the
refinement using PLATON SQUEEZE.13
Results and discussion
Syntheses and spectroscopic characterization of 3–6
The reaction of Mo2Ir3(μ-CO)3(CO)6(η5-C5H5)2(η5-C5Me5) (1a)
with three equivalents of 2,6-dimethylphenyl isocyanide or
t-butyl isocyanide in refluxing THF or CH2Cl2 led to the substi-
tution of one carbonyl ligand from one of the less-sterically-
hindered iridium atoms and the subsequent formation of 3a
and 3b, isolated as brown solids after preparative TLC in yields
of 55 and 24%, respectively (Scheme 1). 3a and 3b exhibit
ν(CN) bands in the solution IR spectra at 2111 and 2146 cm−1,
respectively, while the ESI mass spectra of 3a and 3b reveal
molecular ion peaks with the correct characteristic isotope
pattern at 1389 and 1347 mass units, respectively. The mole-
cular structure of 3a was determined by a single-crystal X-ray
diﬀraction study (see below), with that of 3b presumed similar
due to the spectral similarities. In contrast to these obser-
vations, MoIr4(μ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) (2a) reacted
with three equivalents of t-butyl isocyanide or five equivalents
of 2,6-dimethylphenyl isocyanide with loss of the Ir(η5-C5Me5)
vertices to give MoIr3(μ-CO)3(CNR)(CO)7(η5-C5H5).
Reaction of 1a with an excess of PPh3 in refluxing THF for
20 h led to the formation of 4a, which was isolated by prepara-
tive TLC as a red/brown solid in 86% yield (Scheme 1). Similar
reactions of 1b–1d with PPh3 in either refluxing CH2Cl2 or
refluxing THF aﬀorded 4b–4d in good yields. The new clusters
were characterized by IR, 1H and 31P NMR spectroscopies, ESI
MS, satisfactory microanalyses and, in the case of 4a–4c,
single-crystal X-ray diﬀraction studies. The IR spectra of 4a–4d
in CH2Cl2 are analogous, with five ν(CO) bands spanning the
range 2006–1708 cm−1; the close visual similarity of the IR
spectra is suggestive of isostructural species. The 1H NMR
spectra of 4a and 4c each possess a single resonance for the
two cyclopentadienyl ligands, consistent with a symmetrical
structure for the clusters, whereas those of 4b and 4d each
contain two cyclopentadienyl resonances. The 31P NMR
spectra reveal singlet resonances for each cluster that move
downfield on proceeding from co-ligand C5Me5 to C5Me4H
and on replacing tungsten with molybdenum. The ESI mass
spectra each show a molecular ion with the correct character-
istic isotope pattern (see Fig. S1† for a representative ESI MS
molecular ion and its sodium adduct and their calculated
counterparts (those of 4d)).
Addition of one equivalent of PPh3 to 2a or 2b aﬀorded
the phosphine-substituted products MIr4(μ-CO)3(CO)6(PPh3)-
(η5-C5H5)(η5-C5Me5) (M = Mo 5a, M = W 5b), isolated following
preparative TLC in yields of 48% and 40%, respectively. Clus-
ters 5a and 5b have been characterized by IR, 1H and 31P NMR
spectroscopies, ESI mass spectrometry and, in the case of 5b, a
single-crystal X-ray diﬀraction study. The solution IR spectra of
5a and 5b contain nine ν(CO) bands, six of which correspond
to terminally bound carbonyls (2056–1879 cm−1) and three to
bridging carbonyl modes (1821–1727 cm−1). As is the case with
4a–4d, the similarity in the spectra of 5a and 5b is suggestive
of isostructural clusters. The 1H NMR spectra of 5a and 5b
contain signals due to the Cp and Cp* ligands and the phenyl
groups of the triphenylphosphine unit, as expected, while 5a
and 5b show signals in the 31P NMR spectrum at δ 16.5 and
13.0, respectively, due to the triphenylphosphine ligand. The
ESI mass spectra of 5a and 5b confirm the cluster composition
with peaks showing the characteristic isotope pattern at 1579
([M]+) and 1670 ([M + Na]+) mass units, respectively. In contrast
Scheme 1 Syntheses of 3–6.
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to these observations, reactions of PPh3 with the tetramethyl-
cyclopentadienyl-ligated clusters 2c and 2d under the same
conditions did not aﬀord any identifiable cluster species.
Amongst the products obtained following the addition of
one equivalent of PPh3 to a solution of 2a was the previously
reported tetranuclear cluster MoIr3(μ-CO)3(CO)6(PPh3)2(η5-
C5H5).6 To explore the possibility that in situ attack of 5a by a
second equivalent of PPh3 led to the displacement of the Ir(η5-
C5Me5) group, and subsequent formation of the bis-substi-
tuted tetranuclear product, a sample of 5a was treated with
one equivalent of PPh3 in CH2Cl2 at room temperature, but no
change was observed after 24 h. Similarly, addition of excess
PPh3 had no noticeable eﬀect. When 5a was heated in reflux-
ing THF for 6 h with three equivalents of PPh3, however, a new
species began to form, which was isolated as a brown solid in
73% yield, and identified as the bis-substituted pentanuclear
cluster MoIr4(μ-CO)3(CO)5(PPh3)2(η5-C5H5)(η5-C5Me5) (6)
(Scheme 1), ruling out the possibility of 6 being an intermedi-
ate in the formation of MoIr3(μ-CO)3(CO)6(PPh3)2(η5-C5H5).
The solution IR spectrum of 6 contains seven ν(CO) bands,
four of which correspond to terminally bound carbonyls
(1999–1870 cm−1) and three to bridging/face-capping carbonyl
modes (1786–1671 cm−1). The 1H NMR spectrum of 6 is as
expected, while the 31P NMR spectrum shows two signals at δ
33.3 and −3.7 (note that the 31P NMR chemical shifts are not a
definitive indicator of ligation site in Mo/W–Ir clusters, spec-
tral assignment of which necessitates further studies: see, for
example, ref. 4e). The ESI mass spectrum of 6 reveals a peak
with the correct characteristic isotope pattern at 1818 ([M]+).
The structure of 6 was conclusively established from a single-
crystal X-ray diﬀraction study.
X-ray structural studies of 3a, 4a–4c, 5b, and 6
Single-crystal X-ray diﬀraction studies confirmed the molecular
compositions of 3a, 4a–4c, 5b, and 6. ORTEP plots with the
molecular structure and atomic labeling schemes for 3a, 4a,
5b, and one of the two crystallographically distinct molecules
of 6 are shown in Fig. 1–4, respectively. Fig. S2–S4† contain
ORTEP plots from the structural studies of 4b and 4c, and the
remaining crystallographically independent molecule of 6,
respectively; 4b and 4c are isostructural with 4a. Table S1 in
the ESI† contains crystallographic data acquisition and refine-
ment parameters, Table 1 lists selected bond distances for 4a–
4c, with selected bond distances for 3a, 5b, and the two mole-
cules of 6 being given in the respective figure captions.
The metal cores of 3a, 4a–4c, 5b, and 6 possess trigonal
bipyramidal geometries with the group 6 metal atom(s) and
one of the iridium atoms ligated by η5-cyclopentadienyl
ligands with varying degrees of alkylation. Whereas 3a, 5b, and
6 possess the same core metal disposition as their starting
clusters, the cores of 4a–4c result from a formal isomerization
corresponding to interchange of an apical Mo/W and equator-
ial Ir. The structural studies reveal that the incoming ligand is
coordinated at equatorial (3a), apical (4a–4c, 5b), and equator-
ial and apical (6) iridium atoms. The clusters contain five (3a),
four (4a–4c, 6) or six (5b) terminal carbonyls, three (3a, 5b),
four (4a–4c), or two (6) bridging carbonyls, and, in the case of
6, two face-capping carbonyl ligands. All possess 72 cluster
valence electrons, and so are EAN-precise for M5 clusters with
nine M–M bonds. While the core bond distances fall within
the range of literature precedents, the M1–Ir5 (4a–4c) and
Fig. 1 ORTEP plot and atom numbering scheme for Mo2Ir3(μ-CO)3-
(CO)5(CNC6H3Me2-2,6)(η5-C5H5)2(η5-C5Me5) (3a). Displacement ellip-
soids are shown at the 40% probability level. Hydrogen atoms and lattice
dichloromethane molecule have been omitted for clarity. Selected bond
lengths: Mo1–Ir2 2.7670(5), Mo1–Ir3 2.8147(5), Mo1–Ir4 2.8349(5),
Mo1–Mo5 3.0536(7), Ir2–Ir3 2.7209(3), Ir2–Ir4 2.7369(3), Ir2–Mo5
2.8490(6), Ir3–Ir4 2.6859(3), Ir3–Mo5 2.7871(5), Mo1–C111 1.976(7),
Mo1–C141 1.966(6), Ir2–C21 1.967(6), Ir2–C221 1.881(6), Ir2–C241
1.994(6), Ir3–C331 1.859(6), Ir3–C332 1.870(6), Ir3–C351 2.456(7), Ir4–
C141 2.375(6), Ir4–C241 2.049(6), Mo5–C351 1.986(7), Mo5–C551
1.991(7), N1–C21 1.168(8) Å.
Fig. 2 ORTEP plot and atom numbering scheme for Mo2Ir3(μ-CO)4-
(CO)4(PPh3)(η5-C5H5)2(η5-C5Me5) (4a). Displacement ellipsoids are
shown at the 40% probability level. Hydrogen atoms have been omitted
for clarity.
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Ir1–W5 (5b) bonds are the longest M–Ir vectors in these struc-
tures, consistent with their trans dispositions to the incoming
PPh3 ligand.
Syntheses and spectroscopic characterization of 7–10
Reaction of one equivalent of diphenylacetylene with 1a pro-
ceeded in refluxing toluene over one hour, aﬀording two main
products that were isolated following preparative TLC in yields
of 11% (7a) and 12% (7b) (Scheme 2). An X-ray structural
study of a single crystal of 7a identified the compound
as Mo2Ir3(μ4–η2-PhC2Ph)(μ3-CPh)2(CO)4(η5-C5H5)2(η5-C5Me5)
(7a) (Fig. 5); its ESI mass spectrum and 1H NMR spectroscopy
data are consistent with this formulation. From a comparison
Fig. 3 ORTEP plot and atom numbering scheme for WIr4(μ-CO)3-
(CO)6(PPh3)(η5-C5H5)(η5-C5Me5) (5b). Displacement ellipsoids are shown
at the 40% probability level. Hydrogen atoms and lattice chloroform
molecule have been omitted for clarity. Selected bond lengths: W1–Ir2
2.8474(6), W1–Ir3 2.7710(6), W1–Ir4 2.7284(5), W1–Ir5 2.8677(5), Ir2–Ir3
2.7130(5), Ir2–Ir4 2.7621(5), Ir2–Ir5 2.7828(5), Ir3–Ir4 2.7118(5), Ir3–Ir5
2.7937(5), W1–C111 1.984(13), W1–C141 2.085(11), Ir2–C221 1.891(11),
Ir2–C222 1.883(14), Ir2–C251 2.057(10), Ir3–C331 1.933(14), Ir3–C332
1.857(12), Ir3–C351 2.090(11), Ir4–C141 2.079(11), Ir5–C251 2.146(10),
Ir5–C351 2.064(13), Ir5–C551 1.863(13), Ir5–P1 2.337(3) Å.
Fig. 4 ORTEP plot and atom numbering scheme for one of the two
crystallographically distinct molecules of MoIr4(μ3-CO)2(μ-CO)2-
(CO)4(PPh3)2(η5-C5H5)(η5-C5Me5) (6). Displacement ellipsoids are shown
at the 40% probability level. Hydrogen atoms and lattice dichloro-
methane molecules have been omitted for clarity. Selected bond
lengths: Mo1–Ir2 2.9194(13), Mo1–Ir3 2.7914(13), Mo1–Ir4 2.8359(13),
Mo1–Ir5 2.7743(13), Ir2–Ir3 2.7023(7), Ir2–Ir4 2.8145(8), Ir2–Ir5
2.7737(7), Ir3–Ir4 2.6830(8), Ir3–Ir5 2.7379(8), Mo1–C124 2.656(15),
Mo1–C134 1.978(15), Mo1–C151 2.102(19), Ir2–C124 2.157(13), Ir2–C221
1.881(15), Ir2–C251 2.164(12), Ir2–P1 2.369(4), Ir3–C134 2.522(15),
Ir3–C331 1.86(2), Ir3–C332 1.857(16), Ir4–C124 1.972(15), Ir4–C134
2.430(15), Ir5–C151 2.197(16), Ir5–C251 2.065(14), Ir5–C551 1.835(16),
Ir5–P2 2.335(4) Å.
Table 1 Selected bond lengths (Å) for 4a–4c
4a M = Mo 4b M = W 4c M = Mo
M1–M2 2.9622(7) 2.9399(13) 2.9553(9)
M1–Ir3 2.8420(5) 2.8330(8) 2.8246(7)
M1–Ir4 2.7926(5) 2.7813(11) 2.8235(9)
M1–Ir5 2.8406(6) 2.8305(8) 2.8713(7)
M2–Ir3 2.8015(5) 2.7968(10) 2.8180(8)
M2–Ir4 2.8194(6) 2.8154(8) 2.7644(7)
M2–Ir5 2.8573(5) 2.8606(10) 2.8425(7)
Ir3–Ir4 2.7652(3) 2.7683(8) 2.7656(6)
Ir3–Ir5 2.7706(3) 2.7731(10) 2.7148(6)
M1–C111 1.993(6) 2.010(10) 1.969(6)
M1–C141 2.053(6) 2.019(10) 2.064(6)
M2–C241 1.997(7) 1.992(9) 1.994(5)
M2–C251 1.992(7) 2.002(10) 1.985(6)
Ir3–C331 1.914(7) 1.903(10) 1.913(6)
Ir3–C332 1.865(7) 1.875(12) 1.865(6)
Ir3–C351 2.125(6) 2.123(10) 2.171(6)
Ir4–C141 2.096(6) 2.065(9) 2.046(5)
Ir4–C241 2.261(6) 2.319(10) 2.301(6)
Ir5–C551 1.845(7) 1.862(11) 1.859(6)
Ir5–C251 2.396(6) 2.411(10) 2.481(6)
Ir5–C351 2.011(6) 2.000(10) 1.990(6)
Ir5–P1 2.3134(16) 2.316(3) 2.3155(14)
Scheme 2 Syntheses of 7–10.
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of the IR, 1H NMR, and ESI mass spectral data, the second
product (7b) is proposed to be an isomer of 7a. The solution
IR spectrum of 7a in CH2Cl2 contains only two ν(CO) bands,
both corresponding to terminally-bound carbonyls (1992 and
1939 cm−1). In contrast, that of 7b contains four ν(CO) bands,
two corresponding to terminally-bound carbonyls (1993 and
1936 cm−1) and two corresponding to face-capping carbonyl
modes (1754 and 1715 cm−1). The 1H NMR spectrum of 7a
contains two resonances for the two cyclopentadienyl groups
at δ 4.69 and 4.40, while that of 7b contains a single resonance
for the two cyclopentadienyl groups at δ 5.18; for both clusters,
the phenyl, cyclopentadienyl, and pentamethyl-
cyclopentadienyl protons are found in the ratio 20 : 10 : 15
(4Ph : 2Cp : 1Cp*). The ESI mass spectra of both clusters
contain intense molecular ion peaks at 1502 ([M]+), in addition
to sodium and potassium adducts of the molecular ion at
1525 and 1541 mass units, respectively. While the data are sug-
gestive of isomers, attempts to interconvert the species, both
photochemical (short and long wavelength lamps) and
thermal (refluxing toluene, 16 h), were unsuccessful, unreacted
7a and 7b being recovered and confirmed by IR. This result,
coupled with the ambiguity of the existing spectral data, and
our inability thus far to obtain suitable single crystals for an
X-ray diﬀraction study, renders further speculation of the iden-
tity of 7b unwarranted.
Reactions of more than one equivalent of arylalkynes with
2a or 2b proceeded under milder conditions (refluxing CH2Cl2)
than the aforementioned reaction with 1a, aﬀording 8a–8c, 9a,
and 9b in fair to good yields and 10a and 10b in poor yields
(Scheme 2), the products being isolated following preparative
TLC as brown (8a) or green solids and characterized by IR and
1H NMR spectroscopy and HR-ESI mass spectrometry, and, in
the case of 8a, 8b, and 9a, single-crystal X-ray diﬀraction
studies. Five ν(CO) bands (2041–1943 cm−1) corresponding to
terminally bound carbonyl ligands are observed in the solution
IR spectra; the IR spectra also display two weak bands corres-
ponding to face-capping carbonyl modes. The ESI mass
spectra contain molecular ions (8a–8c, 10a, 10b) or protonated
molecular ions (9a, 9b) with the correct isotope pattern.
X-ray structural studies of 7a, 8a, 8b, and 9a
Single-crystal X-ray diﬀraction studies revealed the molecular
compositions of 7a, 8a, 8b, and 9a. ORTEP plots with the
molecular structure and atomic labeling schemes for one of
the two crystallographically distinct molecules of 7a and the
molecule of 9a are shown in Fig. 5 and 6, respectively. Fig. S5–
S7 in the ESI† contain ORTEP plots from the structural studies
of the remaining crystallographically independent molecule of
7a, and the molecules of 8a and 8b, respectively; the connec-
tivity of the cluster cores of 8a and 8b mimic that of 9a.
Table S1 in the ESI† contains crystallographic data acquisition
and refinement parameters, and Table 2 lists selected bond
distances for 8a, 8b, and 9a, while selected bond distances for
the two molecules of 7a are given in the relevant figure
caption.
The metal core of 7a adopts a distorted square-based pyra-
midal geometry in which one of the equatorial Ir–Ir bonds
from the trigonal bipyramidal precursor has been cleaved
(Ir2⋯Ir3 = 3.698 Å). As with 3a, 5b and 6, the metal cores of
8a, 8b, and 9a possess trigonal bipyramidal geometries with
the same core metal disposition as their starting clusters. In
the structures of 7a, 8a, 8b, and 9a, the group 6 metal atom(s)
and one of the iridium atoms are ligated by η5-cyclopenta-
Fig. 5 ORTEP plot and atom numbering scheme for one of the two
crystallographically distinct molecules of Mo2Ir3(μ4–η2-PhC2Ph)(μ3-
CPh)2(CO)4(η5-C5H5)2(η5-C5Me5) (7a). Displacement ellipsoids are shown
at the 40% probability level. Hydrogen atoms have been omitted for
clarity. Selected bond lengths: Mo1–Ir2 2.8968(4), Mo1–Ir3 2.8429(5),
Mo1–Ir4 2.6969(4), Mo1–Mo5 2.6016(6), Ir2–Ir4 2.7636(3), Ir2–Mo5
2.8014(4), Ir3–Ir4 2.7664(3), Ir3–Mo5 2.8377(4), Mo1–C35 2.065(5),
Mo1–C42 2.047(5), Ir2–C221 1.865(6), Ir2–C222 1.887(6), Ir2–C27
2.352(5), Ir2–C28 2.291(5), Ir2–C42 2.164(4), Ir3–C331 1.855(6), Ir3–
C332 1.896(5), Ir3–C27 2.319(5), Ir3–C28 2.284(5), Ir3–C35 2.148(5),
Ir4–C27 2.048(5), Mo5–C28 2.182(5), Mo5–C35 2.041(5), Mo5–C42
2.064(5), C27–C28 1.472(6) Å.
Fig. 6 ORTEP plot and atom numbering scheme for WIr4{μ3–η2-
PhC2C6H4(CuCPh)-3}(μ3-CO)2(CO)6(η5-C5H5)(η5-C5Me5) (9a). Displace-
ment ellipsoids are shown at the 40% probability level. Hydrogen atoms
have been omitted for clarity.
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thin-layer electrochemical (OTTLE) cell is displayed in Fig. S8.†
The reduction results in the disappearance of the band cen-
tered at 15 010 cm−1, increases in intensity in other regions,
with an isosbestic point at 16 230 cm−1, and overall an increas-
ingly featureless spectrum following reduction.
Discussion
Phosphines are the archetypical two-electron ligands, isocya-
nides CNR are carbonyl-like ligands with peripheral R group
flexibility, and alkynes have been the cluster ligand of choice
to probe C–C cleavage and formation processes relevant to
Fischer–Tropsch and other catalytic transformations; as
such, the phosphine, isocyanide, and alkyne chemistry of
carbonyl clusters is of fundamental importance. With this in
mind, the isocyanide, phosphine, and alkyne chemistry of
the trigonal bipyramidal clusters 1a–1d, 2a–2d described
above can be contrasted with that of the related lower-nuclear-
ity tetranuclear clusters M2Ir2(CO)10(η5-C5H5)2 (M = Mo 11a, W
11b) and MIr3(CO)11(η5-C5H5) (M = Mo 12a, W 12b) to shed
light on the impact of incorporation of the Ir(η5-C5Me4R)
vertex.
In the present studies, Mo2Ir3(μ-CO)3(CO)6(η5-C5H5)2(η5-
C5Me4R) (1a, 1b) reacted with excess isocyanide to give only
mono-substitution products Mo2Ir3(μ-CO)3(CO)5(CNR′)(η5-
C5H5)2(η5-C5Me4R) (R = Me, R′ = C6H3Me2-2,6 3a; R = Me, R′ =
tBu 3b), in which core geometry, ligand disposition, and metal
atom locations are maintained. In contrast, 11a reacted with
two equivalents of CNC6H3Me2-2,6 to aﬀord both mono- and
di-substitution products, and reacted with either one or two
equivalents of CNBut to give only the di-substituted Mo2Ir2-
(μ-CO)2(CNBut)2(CO)6(η5-C5H5)2.16 12a reacted with one or two
equivalents of CNBut to aﬀord mixtures of mono- and di- or
mono- to tri-substitution products, respectively.17 In the
present studies, in contrast, MoIr4(μ-CO)3(CO)7(η5-C5H5)(η5-
C5Me5) (2a) reacted with isocyanides in CH2Cl2 with rapid clea-
vage of the Ir(η5-C5Me5) vertex, evinced by the change in color
from dark brown to pale yellow (in ca. 30 s), and the formation
of MoIr3(μ-CO)3(CNC6H3Me2-2,6)(CO)7(η5-C5H5) or MoIr3(μ-
CO)3(CNtBu)(CO)7(η5-C5H5); this cleavage of the Ir(η5-C5Me5)
vertex occurred regardless of the stoichiometry of the isocya-
nide employed.
11a, 11b, 12a, and 12b reacted with one equivalent of tri-
phenylphosphine to aﬀord mono- to di- or mono- to tri-substi-
tuted clusters, respectively.4a,b,6,7 In the present work, in
contrast, 1a–1d reacted with excess PPh3 to aﬀord mono-sub-
stituted products only and, while 2a reacted with the same
substrate to aﬀord mono- and di-substitution products, the
initial substitution is accompanied by a competitive loss of the
Ir(η5-C5Me4R) vertex and the formation of MoIr3(μ-CO)3
(CO)6(PPh3)2(η5-C5H5). Formation of the substitution products
4a–4d involves a core rearrangement not possible in the tetra-
nuclear system: both group 6 metal atoms now lie in the trigo-
nal bipyramidal clusters’ equatorial planes, presumably to
accommodate the bulky PPh3 ligand which is ligated to an
apical iridium atom. While the 1H NMR spectra of the tung-
sten-containing clusters 4b and 4d are consistent with the
solid-state structure (two η5-C5H5 resonances), those of the
molybdenum-containing clusters 4a and 4c have only one
η5-C5H5 resonance in their 1H NMR spectra, suggestive of
enhanced ligand fluxionality of the 4d metal-containing
clusters.
WIr3(CO)11(η5-C5H4R) (R = H 12b, Me) reacted with the
internal alkyne PhCuCPh to aﬀord a mixture of the tetrahe-
dral bis(alkyne) adduct WIr3(μ3–η2-PhC2Ph)2(CO)7(η5-C5H4R),
with alkyne addition at the WIr2 and Ir3 faces, and the butter-
fly cluster WIr3(μ3-CPh){μ–η4-C(Ph)C(Ph)C(Ph)C(Ph)}(μ-CPh)-
(CO)5(η5-C5H4R) via alkyne C–C coupling and W–Ir and CuC
cleavage, together with the (iridacyclopentadienyl)iridium
complex Ir2{μ–η4-C(Ph)C(Ph)C(Ph)C(Ph)}(CO)5 18 In contrast, in
the present work 2a and 2b reacted with alkynes by μ3–η2-
Table 3 Cyclic voltammetry data of 3a–b, 4a–d, 5a–b, 6, 7a, 8a–c, and 9a–ba
First oxidation Second oxidation Reduction
E1/2 [ipc/ipa] E1/2 (Ea) [ipc/ipa] E1/2 (Ec) [ipc/ipa]
Mo2Ir3(CNC6H3Me2-2,6)(μ-CO)3(CO)5(η5-C5H5)2(η5-C5Me5) (3a) 0.42 [0.5] 0.7 [0.5] (−1.36)c
Mo2Ir3(CNtBu)(μ-CO)3(CO)5(η5-C5H5)2(η5-C5Me5) (3b) 0.34 [0.6] 0.62 [0.6] (−1.43)c
Mo2Ir3(μ-CO)3(CO)5(PPh3)(η5-C5H5)2(η5-C5Me5) (4a) 0.44 [0.7] 0.73 [0.4] (−1.47)c
W2Ir3(μ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5Me5) (4b) 0.40 [0.9] 0.65 [0.6] (−1.52)c
Mo2Ir3(μ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5Me4H) (4c) 0.47[0.7] 0.73 [0.5] (−1.40)c
W2Ir3(μ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5Me4H) (4d) 0.43 [0.9] 0.71 [0.6] (−1.44)c
MoIr4(μ-CO)3(CO)6(PPh3)(η5-C5H5)(η5-C5Me5) (5a) 0.59 [1] (0.90)c −1.14 [0.7]
WIr4(μ-CO)3(CO)6(PPh3)(η5-C5H5)(η5-C5Me5) (5b) 0.56 [0.9] (0.86)c −1.15 [1]
MoIr4(μ3-CO)2(μ-CO)2(CO)4(PPh3)2(η5-C5H5)(η5-C5Me5) (6) 0.34 [1] (0.67)c −1.04c
Mo2Ir3(μ4–η2-PhC2Ph)(μ3-CPh)2(CO)4(η5-C5H5)2(η5-C5Me5) (7a) 0.51 [0.9] 0.91 [0.5] (−1.53)c
MoIr4(μ3–η2-PhC2Ph)(μ3-CO)2(CO)6(η5-C5H5)(η5-C5Me5) (8a) 0.72 [1] (1.11)c −0.99b [1]
WIr4(μ3–η2-PhC2Ph)(μ3-CO)2(CO)6(η5-C5H5)(η5-C5Me5) (8b) 0.74 [0.7] (1.08)c −1.03b [1]
WIr4(μ3–η2-HC2Ph)(CO)8(η5-C5H5)(η5-C5Me5) (8c)d 0.74 [0.7] (1.03)c −1.15b [0.9]
WIr4{μ3–η2-PhC2C6H4(CuCPh)-3}(μ3-CO)2(CO)6(η5-C5H5)(η5-C5Me5) (9a) 0.76 [0.9] 1.08c, 1.24c −0.97 [1]
WIr4{μ3–η2-PhC2C6H4(CuCPh)-4}(μ3-CO)2(CO)6(η5-C5H5)(η5-C5Me5) (9b) 0.77 [0.9] 1.05c, 1.23c −0.95 [1]
a CH2Cl2, Ag/AgCl reference electrode, E1/2 for FcH/FcH+ process at 0.56 V. b 2e process. c Irreversible process, no measurable return peak. d Ref. 5.
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coordination at the non-cyclopentadienyliridium-containing
Ir3 face only.
11a and 11b reacted in a relatively clean fashion with both
internal and terminal alkynes via insertion into the M–M bond
to give butterfly clusters M2Ir2(μ4–η2-RC2R′)(μ-CO)4(CO)4(η5-
C5H5)2.4g–i,7 In contrast, 1a reacted with the internal alkyne
PhCuCPh to give several products, one corresponding to equa-
torial Ir–Ir cleavage, μ4–η2-coordination of one equivalent of
alkyne, CuC cleavage of a second equivalent of the alkyne,
and coordination of μ3-phenylmethylidyne ligands to each of
the two Mo2Ir faces, a second product presumably an isomer
of the first, and a third product corresponding to a small
amount of Mo2Ir2(μ4–η2-PhC2Ph)(μ-CO)4(CO)4(η5-C5H5)2.
Overall, the progression from tetrahedral to trigonal bipyra-
midal group 6-group 9 mixed-metal cluster has resulted in
species with considerable diﬀerences in reactivity: the
additional Ir(η5-C5Me4R) vertex in the trigonal bipyramidal
clusters is prone to cleavage, being removed to varying extents
in reactions with isocyanides, phosphines or alkynes. Isocya-
nides and phosphines react rapidly with the tetrahedral clus-
ters to aﬀord mixtures of products with varying levels of
substitution, while the trigonal bipyramidal clusters favor
mono-substitution, the sole example of a di-substituted cluster
being formed under comparatively forcing conditions. The
C–C bond formation between two alkyne units that forms η3-C
(Ph)C(Ph)C(Ph) and η4-C(Ph)C(Ph)C(Ph)C(Ph) ligands on the
tetrahedral clusters has not thus far been observed with the tri-
gonal bipyramidal clusters and, for the latter, only one low-
yielding example of CuC cleavage has been conclusively esta-
blished (7a). Examples of μ4–η2-PhC2Ph ligands have been
identified with both the tetrahedral and trigonal bipyramidal
clusters; in the former case [Mo2Ir2(μ4–η2-PhC2Ph)-
(μ-CO)4(CO)4(η5-C5H5)2], the C2 vector is parallel to an intact
Ir–Ir linkage, forming a pseudo-octahedral Mo2Ir2C2 core,
while in the latter case (7a), the C2 vector is perpendicular to a
cleaved Ir–Ir linkage, the Mo2Ir3C2 forming a distorted penta-
gonal bipyramid.
A fundamental interest in progression from homometallic
to heterometallic clusters is the anticipation that introduction
of the heterometal(s) should enhance or modify reactivity. The
present system permits examination of this possibility via a
contrast of homometallic iridium clusters with isostructural
mixed group 6-iridium clusters. Phosphine substitution at
Ir4(CO)12 under thermal conditions necessitates temperatures
of ca. 110 °C and aﬀords tri- or tetra-substitution products.19
In contrast, as mentioned above, phosphine substitution at
11a, 11b and 12a, 12b proceeds stoichiometrically at room
temperature with one or two equivalents (one to three for the
latter) to aﬀord mono- and di-substitution products (mono-
to tri-substitution for the latter) in excellent yields.4a,b,6,7
Examples of isocyanide substitution at Ir4(CO)12 are
sparse,20,21 and require forcing conditions; reactions with
CNBut proceed in refluxing chlorobenzene to aﬀord mono-
and di-substituted products in low yields.22,23 In contrast, 11a,
11b, 12a, and 12b react at room temperature to aﬀord mono-
or di-substitution products in excellent yields.16,24 The lack of
solubility of Ir4(CO)12, which retards direct phosphine and iso-
cyanide substitution, also impedes its reactivity towards
alkynes; this is restricted to the activated alkyne MeO2CCu
CCO2Me (necessitating irradiation) and phosphinoalkynes that
react via initial P-coordination.25 In contrast, 11a, 11b, 12a,
and 12b react with a broad range of alkynes between room
temperature and refluxing toluene (milder conditions for 11a,
11b, and for M = Mo) to aﬀord a diverse range of products
incorporating one to three alkyne residues.4c,g–k,7,17,26 Thus,
the incorporation of the heterometal(s) result(s) in signifi-
cantly enhanced reactivity at tetranuclear core nuclearity.
The contrast is also stark with pentanuclear clusters. The
few extant pentairidium clusters27 possess square pyrami-
dal27a,b or trigonal bipyramidal27c–e cores, with all except trigo-
nal bipyramidal [Ir5(μ-H)(μ-CO)2(CO)10]− being derived from a
P-ligated lower nuclearity precursor. [Ir5(μ-H)(μ-CO)2(CO)10]2−
has limited stability and requires careful handling, necessitat-
ing the use of large cations, and is converted into tetrahedral
[Ir4(μ-H)(μ-CO)3(CO)8]− in the presence of CO and into
[Ir6(μ-CO)3(CO)12]2− when reacted with mild oxidants such as
AuCl(PPh3).27c In contrast, the trigonal bipyramidal clusters
1a–1d, 2a and 2b are stable and easy to handle. Indeed, the
present studies have shown that increasing group 6 metal
content enhances core stability towards donor ligands isocya-
nides and phosphines; ligated-iridium vertex removal
diminishes on proceeding from pentairidium to molybdenum/
tungsten–tetrairidium and then dimolybdenum/ditungsten–
triiridium clusters.
The only phosphine-ligated pentairidium clusters Ir5(μ-P,C-
PPh2C6H4-2)(μ-CO)4(CO)7(PPh3) and Ir5(μ-CO)3(Ph)(CO)9(PPh3)
both bear apical iridium-coordinated phosphine ligands,27d
similar to 4a–4d and 5a, 5b in the present study. Reaction of
Ir5(μ-CO)3(Ph)(CO)9(PPh3) with PPh3 necessitated refluxing
benzene and aﬀorded Ir5(μ-P,C-PPh2C6H4-2)(μ-CO)4(CO)7(PPh3)
following orthometallation of a phosphine phenyl ring and
loss of benzene.27d Both phosphorus atoms in the latter
cluster are found at apical iridium sites, in contrast to 6 for
which apical, equatorial ligation is seen due to pentamethyl-
cyclopentadienyl ligation of one of the apical iridium atoms.
There is no extant pentairidium isocyanide or alkyne chem-
istry.28 C-ligands have been introduced into pentairidium clus-
ters via reaction of the cyclooctadiene (COD)-ligated {Ir(μ-Cl)-
(η4-1,2,5,6-C8H12)}2 with a tetrairidium precursor at 80 °C,27e
the resultant species bearing one or two apical iridium-
coordinated COD ligands. Thermolysis at 98 °C resulted in
Ir–Ir bond cleavage and a change in core nuclearity. In con-
trast, alkyne addition with the mixed group 6-iridium clusters
proceeded with no change in core nuclearity and, in the case
of the molybdenum/tungsten–tetrairidium clusters, reaction
under very mild conditions to aﬀord alkyne adducts.
Electrochemical studies of 1a–1d, 2a and 2b revealed both
oxidation and reduction is accessible (with respect to the
resting state), the oxidation processes being the more revers-
ible, and increasingly so on decreasing Ir content of the clus-
ters, replacing W by Mo, and increasing alkylation of the
cyclopentadienyl ligands.5 There is no report of the electroche-
Paper Dalton Transactions
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mical behavior of [Ir5(μ-H)(μ-CO)2(CO)10]2−, but its aforemen-
tioned oxidative sensitivity27c is consistent with this trend.
Introduction of isocyanide, phosphine or alkyne residue in
proceeding to the current ligand-substituted series results in
an increased ease of oxidation and increased diﬃculty in
reduction (although many of the latter processes are irrevers-
ible, so comment must be cautious). Incorporation of these
ligands therefore serves to tune the electron richness at the
cluster. Finally, the reductive spectroelectrochemical study of
8b complements the oxidative spectroelectrochemical studies
of 1a and 2a in our previous report,5 the former cluster being
the molybdenum-containing homologue of the tungsten-con-
taining precursor to 8b. Oxidation of MoIr4(μ-CO)3(CO)7(η5-
C5H5)(η5-C5Me5) resulted in a UV-vis-NIR spectrum similarly
featureless to that observed following reduction of 8b; thus,
spectral features become increasingly indistinct with both oxi-
dation and reduction in this system.
Conclusions
The studies described herein have demonstrated facile
functionalization of pentanuclear molybdenum/tungsten–
iridium clusters and thereby access to a range of systemati-
cally-derivatized species not currently accessible in the homo-
metallic pentairidium system. The ligand substitution studies
have shown that cluster core stability and ease of derivatization
is diminished on proceeding from tetranuclear to pentanuc-
lear clusters, but is enhanced on increasing the group 6 metal
content, and have thereby demonstrated the benefit in pro-
ceeding from homometallic to heterometallic environment.
Ligand substitution generally proceeds at sites that can be
rationalized on steric grounds (non-cyclopentadienyl-ligated
iridium vertices, and initial substitution at an apical site if tri-
phenylphosphine and an equatorial site if isocyanide). As
judged by the potential of the first oxidation processes
accessed from the cluster resting states, the electron richness
of the present series of ligand-substituted clusters is tuned in
a rational fashion.
The current studies have also highlighted significant diﬀer-
ences in alkyne reactivity between tetranuclear group 6-iridium
clusters and the pentanuclear analogues, but also illustrate the
desirable metallo-, bond-, and face-selectivity for reactions at
mixed-metal clusters; in addition to the aforementioned
iridium-specific ligand substitution, clusters M2Ir2(μ4–η2-
RC2R′)(μ-CO)4(CO)4(η5-C5H5)2 form in high yield by bond-
specific insertion of an alkyne into the M–M linkage of the pre-
cursor (with M–Ir and Ir–Ir, one of three distinct core bond
types), while clusters MIr4(μ3–η2-PhC2R)(μ3-CO)2(CO)6(η5-C5H5)-
(η5-C5Me5) (8, 9) form in good yield by face-specific addition at
Ir3 (with MIr2, one of two distinct core face types).
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EXPERIMENTAL DETAILS
General Conditions and Reagents. Reactions were performed under an atmosphere 
of nitrogen using standard Schlenk techniques, the extent of reaction being monitored 
regularly by IR spectroscopy. Product clusters proved indefinitely stable in air as 
solids and for at least short periods of time in solution, and thus no special precautions 
were taken to exclude air in their work-up. Solvents used in reactions were AR grade 
and distilled under nitrogen using standard methods: CH2Cl2 over CaH2, toluene and 
THF over sodium benzophenone ketyl. All other solvents and other reagents were 
obtained commercially and were used as received. Petrol refers to a fraction of boiling 
range 60 – 80 °C. Cluster products were purified by preparative thin-layer 
chromatography (TLC) on 20 × 20 cm glass plates coated with Merck GF254 silica gel 
(0.5 mm). Analytical TLC was conducted on aluminum sheets coated with 0.25 mm 
Merck GF254 silica gel.
Instrumentation. Infrared spectra were recorded on PerkinElmer System 2000 and 
PerkinElmer Spectrum One FT-IR spectrometers using a CaF2 solution cell and AR 
grade cyclohexane or CH2Cl2 solvent; spectral features are reported in cm-1. 1H NMR 
spectra were recorded on a Varian Gemini-300 spectrometer at 300 MHz in CDCl3 
(Cambridge Isotope Laboratories) and referenced to residual solvent (δ 7.26). 31P 
NMR spectra were recorded on a Varian Gemini-300 spectrometer at 121 MHz in 
CDCl3 and referenced to external 85% H3PO4. Unit resolution and high-resolution 
ESI mass spectra were recorded on a Micromass-Waters LC-ZMD single quadrupole 
liquid chromatograph-MS instrument, and are reported in the form: m/z (assignment, 
relative intensity). Microanalyses were carried out by the Microanalysis Service Unit 
in the Research School of Chemistry, ANU, or at the School of Human Sciences, 
Science Centre, London Metropolitan University, UK.
Synthesis of Mo2Ir3(µ-CO)3(CO)5(CNtBu)(η5-C5H5)2(η5-C5Me5) (3b). CNtBu (3 
µL, 2.2 mg, 27 µmol) was added to a brown solution of Mo2Ir3(µ-CO)3(CO)6(η5-
C5H5)2(η5-C5Me5) (1a) (10.4 mg, 8.0 µmol) in CH2Cl2 (7 mL) and the resultant 
mixture was heated at reflux for 48 h. The solution was taken to dryness in vacuo, and 
the crude residue dissolved in the minimum amount of CH2Cl2 and applied to a silica 
preparative TLC plate. Elution with CH2Cl2/petrol (4:1) afforded two bands. The 
contents of the first (Rf = 0.3 brown) band were extracted into CH2Cl2, which was 
then reduced in volume to afford a brown solid identified as unreacted Mo2Ir3(µ-
CO)3(CO)6(η5-C5H5)2(η5-C5Me5) (1a) (6.2 mg, 60%) by IR spectral comparison to an 
authentic sample.S1 The contents of the second band (Rf = 0.1, brown) were extracted 
into CH2Cl2, and then reduced in volume to afford a brown solid identified as 3b (2.6 
mg, 24%). IR (CH2Cl2): ν(NC) 2146 m, ν(CO) 2000 s, 1963 sh, 1948 br s, 1868 w sh, 
1817 br m cm-1. 1H NMR: δ 5.15 (s, 5H, Cp), 4.97 (s, 5H, Cp), 1.91 (s, 15H, C5Me5), 
1.48 (s, 9H, tBu). MS (ESI): calc., C33H34Ir3Mo2NO8, 1346.9281 ([M]+); found, 
1346.9310 ([M]+). The small amount of material precluded microanalysis.
Reaction of MoIr4(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) (2a) with CNBut. CNBut 
(3.5 µL, 30.6 µmol) was added to a brown solution of MoIr4(µ-CO)3(CO)7(η5-
C5H5)(η5-C5Me5) (2a) (13.7 mg, 10.2 µmol) in CH2Cl2 (10 mL) and the resultant 
mixture was stirred for 5 min. The solution was taken to dryness in vacuo, and the 
crude residue dissolved in the minimum amount of CH2Cl2 and applied to a silica 
preparative TLC plate. Elution with CH2Cl2/petrol (3:2) afforded three bands. The 
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contents of the first (Rf = 0.7, yellow) and second (Rf = 0.5, yellow) bands were in 
trace amounts and were not isolated. The contents of the third band (Rf = 0.3, yellow) 
were extracted into CH2Cl2, which was then reduced in volume to afford a yellow 
compound (10.2 mg, 9.2 µmol). A crystal suitable for a single-crystal X-ray 
diffraction study was obtained from slow diffusion of ethanol into a dichloromethane 
solution. Although the crystal structure of MoIr3(µ-CO)3(CNBut)(CO)7(η5-C5H5) was 
unequivocally determined (see below), the data were of poor quality, so metrical 
parameters cannot be discussed and the crystal structure is provided solely to display 
the connectivity of the cluster. With respect to the plane of bridging carbonyl ligands, 
the cluster from the present study has a diaxial (η5-C5H5, ButNC) ligand disposition. 
A structural study of an isomer with the axial (η5-C5H5), apical (ButNC) ligand 
disposition has been reported previously.S2
Molecular structure of MoIr3(µ-CO)3(CNBut)(CO)7(η5-C5H5) with displacement 
ellipsoids set at the 40 % probability level. Hydrogen atoms have been omitted for 
clarity. C20H14Ir3MoNO10, triclinic, P-1, a = 9.4392(9), b = 11.6292(11), c = 
16.7753(16) Å, α = 93.783(3), β = 91.474(3), γ = 110.044(3)°, V = 1723.8(3) Å3.
Reaction of MoIr4(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) (2a) with CNC6H3Me2-
2,6. CNC6H3Me2-2,6 (5.0 mg, 38.1 µmol) was added to a brown solution of MoIr4(µ-
CO)3(CO)7(η5-C5H5)(η5-C5Me5) (2a) (9.9 mg, 7.36 µmol) in CH2Cl2 (10 mL) and the 
resultant mixture was stirred for 30 min. The solution was taken to dryness in vacuo, 
and the crude residue dissolved in the minimum amount of CH2Cl2 and applied to a 
silica preparative TLC plate. Elution with CH2Cl2/petrol (3:2) afforded three bands. 
The contents of the first (Rf = 0.6, yellow) and third (Rf = 0.3, yellow) bands were in 
trace amounts and were not isolated. The contents of the second band (Rf = 0.4, 
yellow) were extracted into CH2Cl2, which was then reduced in volume to afford a 
yellow compound identified as MoIr3(µ-CO)3(CNC6H3Me2-2,6)(CO)7(η5-C5H5) (9.8 
mg, 8.5 µmol) by IR spectroscopic comparison to an authentic sample.S2
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Synthesis of W2Ir3(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5Me5) (4b). PPh3 (8.2 mg, 
31.3 µmol) was added to a dark red solution of W2Ir3(µ-CO)3(CO)6(η5-C5H5)2(η5-
C5Me5) (1c) (9.5  mg, 6.5 µmol)  in CH2Cl2 (20 mL) and the resultant mixture was 
refluxed for 14 h. The solution was taken to dryness in vacuo, and the crude residue 
dissolved in the minimum amount of CH2Cl2 and applied to a silica preparative TLC 
plate. Elution with CH2Cl2/petrol (9:1) afforded three bands. The contents of the first 
band (Rf = 0.7, red) and the third band (Rf = 0.4, red) were in trace amounts and 
consequently were not isolated. The contents of the second band (Rf = 0.6, red) were 
extracted into CH2Cl2, which was then reduced in volume to afford a dark red solid, 
identified as 4b (8.3 mg, 75%). IR (CH2Cl2): ν(CO) 2005 s, 1949 s, 1888 w, 1770 m, 
1708 m cm-1. 1H NMR: δ 7.40-7.51 (m, 15H, C6H5), 4.98 (s, 5H, C5H5), 4.83 (s, 5H, 
C5H5), 1.74 (s, 15H, C5Me5). 31P NMR: δ 14.0 (s, PPh3). MS (ESI): calculated, 
C46H40Ir3O8PW2, 1698.0368 ([M]+); found, 1698.0333 ([M]+); C46H40Ir3NaO8PW2, 
1721.0266 ([M + Na]+); found, 1721.0239 ([M + Na]+). Anal: calc. for 
C46H40Ir3O8PW2: C 32.57, H 2.37%: found C 32.69, H 2.40 %.
Synthesis of Mo2Ir3(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5Me4H) (4c). PPh3 (9.5 
mg, 36.2 µmol) was added to a dark red solution of Mo2Ir3(µ-CO)3(CO)6(η5-
C5H5)2(η5-C5Me4H) (1b) (13.3 mg, 10.4 µmol) in THF (25 mL) and the resultant 
mixture was refluxed for 14 h. The solution was taken to dryness in vacuo, and the 
crude residue dissolved in the minimum amount of CH2Cl2 and applied to a 
preparative silica TLC plate. Elution with CH2Cl2 afforded 1 band (Rf = 0.9, red). 
Extraction with CH2Cl2 and reduction of the solvent volume afforded a brown solid 
identified as 4c (10.8 mg, 69%). IR (CH2Cl2): ν(CO) 2004 s, 1954 s, 1874 w, 1771 m, 
1721 m cm-1. 1H NMR: δ 7.40-7.53 (m, 15H, C6H5), 5.53 (s, 1H, C5Me4H), 4.82 (s, 
10H, C5H5), 1.77 (s, 12H, C5Me4H). 31P NMR: δ 29.0 (s, PPh3). MS (ESI): calculated, 
C45H38Ir3Mo2O8P, 1511.9301 ([M]+); found, 1511.9319 ([M]+, 25). Anal: calc. for 
C45H38Ir3Mo2O8P: C 35.88, H 2.54%: found C 36.16, H 2.53 %.
Synthesis of W2Ir3(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5Me4H) (4d). Method A: 
PPh3 (9.8 mg, 37.4 µmol) was added to a dark red solution of W2Ir3(µ-CO)3(CO)6(η5-
C5H5)2(η5-C5Me4H) (1d) (13.5  mg, 9.22 µmol) in THF (25 mL) and the resultant 
mixture was refluxed for 14 h, the extent of reaction being monitored by IR 
spectroscopy. The solution was taken to dryness in vacuo, and the crude residue 
dissolved in the minimum amount of CH2Cl2 and applied to a silica preparative TLC 
plate. Elution with CH2Cl2/petrol (9:1) afforded two bands. The contents of the first 
band (Rf = 0.5, red) were extracted with CH2Cl2 and reduced in volume to afford a 
dark red solid identified as unreacted W2Ir3(µ-CO)3(CO)6(η5-C5H5)2(η5-C5Me4H) (1d) 
(3.8 mg, 28%).S1 The contents of the second band (Rf = 0.4, red) were extracted into 
CH2Cl2, which was then reduced in volume to afford a brown solid identified as 4d 
(8.6 mg, 55%). IR (CH2Cl2): ν(CO) 2005 s, 1950 s, 1880 w, 1771 m, 1711 m cm-1. 1H 
NMR: δ 7.41-7.51 (m, 15H, C6H5), 5.52 (s, 1H, C5Me4H), 5.07 (s, 5H, C5H5), 4.81 (s, 
5H, C5H5), 1.67 (s, 12H, C5Me4H). 31P NMR: δ 18.0 (s, PPh3). MS (ESI): calc., 
C45H38Ir3O8PW2, 1684.0200 ([M]+); found, 1684.0037 ([M]+, 40). Anal: calc. for 
C45H38Ir3O8PW2: C 32.13, H 2.28%: found C 32.75, H 2.21 %. 
Method B: PPh3 (8.3 mg, 31.6 µmol) was added to a dark red solution of W2Ir3(µ-
CO)4(CO)5(η5-C5H5)2(η5-C5Me4H) (1d) (10.2  mg, 6.97 µmol) in THF (20 mL) and 
the resultant mixture was refluxed for 14 h, the extent of reaction being monitored by 
IR spectroscopy. The solution was taken to dryness in vacuo, and the crude residue 
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dissolved in the minimum amount of CH2Cl2 and applied to a silica preparative TLC 
plate. Elution with CH2Cl2/petrol (9:1) afforded a single band (Rf = 0.8, red) that was 
extracted into CH2Cl2 and the extract then reduced in volume, to afford a dark red 
solid identified as 4d (9.7 mg, 82%). 
Synthesis of WIr4(µ-CO)3(CO)6(PPh3)(η5-C5H5)(η5-C5Me5) (5b). PPh3 (0.8 mg, 
3.1 µmol) was added to a solution of WIr4(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) (2b) 
(4.5 mg, 3.1 µmol) in CH2Cl2 (5 mL), and the resultant solution stirred at room 
temperature for 16 h. The solution was taken to dryness in vacuo, and the crude 
residue dissolved in the minimum amount of CH2Cl2 and applied to a silica 
preparative TLC plate. Elution with CH2Cl2/petrol (3:2) afforded at least six bands. 
Bands appearing in trace amounts were not isolated. The contents of the third band 
(Rf = 0.3, purple) were extracted into CH2Cl2, which was then reduced in volume to 
afford a purple solid, identified crystallographically as 5b (2.1 mg, 40%). IR (n-
hexane): ν(CO) 2028 m, 1997 s, 1979 s, 1965 m, 1943 w, 1932 w, 1832 w sh, 1821 
m, 1784 m, 1775 w sh, 1727 m cm-1. 1H NMR: δ 7.38-7.36 (m, 15H, PPh3), 5.18 (s, 
5H, C5H5), 1.84 (s, 15H, C5Me5). 31P NMR: δ 13.0 (PPh3). MS (ESI): calc., 
C42H35Ir4O9PW, 1670.0022 ([M]+); found, 1670.0066 ([M]+). Anal: calc. for 
C42H35Ir4O9PW: C 30.25, H 2.12%: found C 30.60, H 2.33%.
Reaction of MoIr4(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me4H) (2c) with PPh3. PPh3 (6.3 
mg, 24.0 µmol) was added to a brown solution of MoIr4(µ-CO)3(CO)7(η5-C5H5)(η5-
C5Me4H) (2c) (12.0 mg, 8.99 µmol) in CH2Cl2 (15 mL) and the resultant mixture was 
stirred for 1 h. The solution was taken to dryness in vacuo, and the crude residue 
dissolved in the minimum amount of CH2Cl2 and applied to a silica preparative TLC 
plate. Elution with CH2Cl2/petrol (8:1) afforded four bands. The contents of the 
second (Rf = 0.6, green) and fourth (Rf = 0.4, red) bands were in trace amounts and 
were not isolated. The contents of the first band (Rf = 0.8, yellow) were extracted into 
CH2Cl2, which was then reduced in volume to afford a yellow compound identified as 
Ir(CO)2(η5-C5Me4H) (3.4 mg, 9.19 µmol) by IR spectroscopic comparison to an 
authentic sample.S1 The contents of the third band (Rf = 0.5, orange) were extracted 
into CH2Cl2, which was then reduced in volume to afford an orange solid, identified 
as IrCl(CO)(PPh3)2 (2.5 mg, 3.2 µmol) by comparison of single-crystal X-ray 
diffraction-derived unit cell data and IR spectral data to the literature values.S3,S4
Reaction of WIr4(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me4H) (2d) with PPh3. PPh3 
(23.5 mg,  89.7 µmol) was added to a brown solution of WIr4(µ-CO)3(CO)7(η5-
C5H5)(η5-C5Me4H) (2d) (13.5 mg, 9.50 µmol) in CH2Cl2 (15 mL) and the resultant 
mixture was stirred for 1 h. The solution was taken to dryness in vacuo, and the crude 
residue dissolved in the minimum amount of CH2Cl2 and applied to a silica 
preparative TLC plate. Elution with CH2Cl2/petrol (8:1) afforded four bands. The 
contents of the third (Rf = 0.6, dark red) and fourth (Rf = 0.4, red) bands were in trace 
amounts and were not isolated. The contents of the first band (Rf = 0.8, yellow) were 
extracted into CH2Cl2, which was then reduced in volume to afford a compound 
identified as Ir(CO)2(η5-C5Me4H) (4.2 mg, 11.3 µmol) by IR spectroscopic 
comparison to an authentic sample.S1 The contents of the second band (Rf = 0.7, 
orange) were extracted into CH2Cl2, which was then reduced in volume to afford an 
orange solid, identified as IrCl(CO)(PPh3)2 (2.8 mg, 3.59 µmol) by IR spectroscopic 
comparison to the literature data.S4
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Synthesis of WIr4(µ3-η2-PhC2Ph)(µ3-CO)2(CO)6(η5-C5H5)(η5-C5Me5) (8b). 
Diphenylacetylene (2.0 mg, 11.1 µmol) was added to a solution of WIr4(µ-
CO)3(CO)7(η5-C5H5)(η5-C5Me5) (2b) (10.0 mg, 7.0 µmol) in CH2Cl2, and the resultant 
solution was heated at reflux for 20 h, the extent of reaction being monitoring by IR 
spectroscopy. The solution was taken to dryness in vacuo, and the crude residue 
dissolved in the minimum amount of CH2Cl2 and applied to a silica preparative TLC 
plate. Elution with CH2Cl2/petrol (3:1) afforded at least six bands. Bands appearing in 
trace amounts were not isolated. The contents of the sixth band (Rf = 0.3, green) were 
extracted with CH2Cl2 and the extracts were reduced in volume to afford a green 
solid, identified crystallographically as 8b (5.4 mg, 50%). IR (n-hexane): ν(CO) 2041 
w, 2025 s, 2005 s, 1982 m, 1951 w, 1690 w, 1673 w cm-1. 1H NMR: δ 7.08-6.82 (m, 
10H, C2Ph2), 5.60 (s, 5H, C5H5), 1.89 (s, 15H, C5Me5). MS (ESI): calc., 
C37H31Ir4O8W, 1559.0046 ([M + H]+); found, 1559.0052 ([M + H]+). Anal: calc. for 
C37H30Ir4O8W: C 28.57, H 1.94%: found C 28.59, H 1.92%.
Synthesis of WIr4(µ3-η2-HC2Ph)(CO)8(η5-C5H5)(η5-C5Me5) (8c). Phenylacetylene 
(10 µL, 9.3 mg, 0.090 mol) was added to a solution of WIr4(µ-CO)3(CO)7(η5-
C5H5)(η5-C5Me5) (2b) (11.5 mg, 8.0 µmol) in CH2Cl2 (15 mL), and the resultant 
solution heated at reflux for 17 h, the extent of reaction being monitored by IR 
spectroscopy. The solution was taken to dryness in vacuo, and the crude residue 
dissolved in the minimum amount of CH2Cl2 and applied to a silica preparative TLC 
plate. Elution with CH2Cl2/petrol (3:1) afforded at least eight bands; bands appearing 
in trace amounts were not isolated. The contents of the eighth band (Rf = 0.2, green) 
were extracted with CH2Cl2 and the extracts reduced in volume to afford a green solid, 
identified as 8c (2.8 mg, 24%). IR (n-hexane ν(CO) 2039 m, 2020 vs, 2005 vs, 1982 
s, 1952 m, 1691 m, 1673 m cm-1. 1H NMR: δ 9.84 (s, 1H, HC2), 7.23-7.09 (m, 5H, 
Ph), 5.57 (s, 5H, C5H5), 1.89 (s, 15H, C5Me5). MS (ESI): calc., C31H26Ir4O8W, 
1481.9655 ([M]+); found, 1481.9648 ([M]+). The small amount of material precluded 
microanalysis.
Synthesis of WIr4{µ3-η2-PhC2C6H4(C≡CPh)–4}(µ3-CO)2(CO)6(η5-C5H5)(η5-
C5Me5) (9b). 1,4–Bis(phenylethynyl)benzene (2.0 mg, 7.2 µmol) was added to a 
solution of WIr4(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) (2b) (10 mg, 7.0 µmol) in CH2Cl2 
(15 mL), and the resultant solution heated at reflux for 17 h, the extent of reaction 
being monitored by IR spectroscopy. The solution was taken to dryness in vacuo, and 
the crude residue dissolved in the minimum amount of CH2Cl2 and applied to a silica 
preparative TLC plate. Elution with CH2Cl2/petrol (3:1) afforded at least six bands; 
bands appearing in trace amounts were not isolated. The contents of the fifth band (Rf 
= 0.2, green) were extracted with CH2Cl2 and the extracts reduced in volume to afford 
a green solid, identified as 9b (4.5 mg, 39%). IR (n-hexane): ν(CO) 2040 w, 2025 vs, 
2006 s, 1983 m, 1952 w, 1692 w, 1673 m cm-1. 1H NMR: δ 7.47-6.80 (m, 14H, 
phenyl), 5.60 (s, 5H, C5H5), 1.89 (s, 15H, C5Me5). MS (ESI): calculated, 
C45H35Ir4O8W, 1659.0359 ([M + H]+); found, 1659.0360 ([M + H]+). Slow 
decomposition of 9b precluded elemental analysis.
Synthesis of [WIr4(µ3-CO)2(CO)6(η5-C5H5)(η5-C5Me5)]2(µ6-η4-
PhC2C6H4(C2Ph)–4) (10b). 1,4–Bis(phenylethynyl)benzene (1.0 mg, 3.6 µmol) was 
added to a solution of WIr4(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) (2b) (10.0 mg, 7.0 
µmol) in CH2Cl2 (15 mL), and the resultant solution heated at reflux for 20 h, the 
extent of reaction being monitored by IR spectroscopy. The solution was taken to 
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dryness in vacuo, and the crude residue dissolved in the minimum amount of CH2Cl2 
and applied to a silica preparative TLC plate. Elution with CH2Cl2/petrol (3:1) 
afforded at least 6 bands; bands appearing in trace amounts were not isolated. The 
contents of the fifth band (Rf = 0.2, green) were extracted with CH2Cl2 and the 
extracts reduced in volume to afford a green solid, identified as 9b (3.3 mg, 29%) by 
IR spectral comparison with an authentic sample. The baseline was collected, 
extracted with CH2Cl2 and re-applied to a silica preparative TLC plate. Elution with 
acetone/petrol (2:3) afforded one band, (Rf = 0.53, green), the contents of which were 
extracted with CH2Cl2 and the extracts reduced in volume to afford a green solid, 
identified as 10b (1.9 mg, 9%). IR (CH2Cl2): ν(CO) 2035 w sh, 2015 s, 2002 s, 1976 
m, 1945 w, 1682 w, 1664 w br cm-1. MS (ESI): calculated, C68H54Ir8O16W2, 
3037.9466 ([M]+); found, 3037.9512 ([M]+). The low yield precluded NMR 
spectroscopic and microanalytical analysis.
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Table S1: Crystal data for 3a, 4a – 4c, 5b, 6, 7a, 8a, 8b, and 9a
3a.CH2Cl2 4a 4b 4c 4b.CHCl3 6.1.5(CH2Cl2) 7a 8a.CH2Cl2 8b.CH2Cl2 9a
Formula C38H36Cl2Ir3Mo2NO8 C46H40Ir3Mo2O8P C46H40Ir3O8PW2 C45H38Ir3Mo2O8P C43H36Cl3Ir4O9PW C60.5H53Cl3Ir4Mo1O8P2 C52H45Ir3Mo2O4 C38H32Cl2Ir4MoO8 C38H32Cl2Ir4O8W C45H34Ir4O8W
FW 1474.06 1520.23 1696.05 1506.20 1786.69 1941.21 1502.36 1552.28 1640.19 1655.37
Size (mm) 0.12x0.09x0.02 0.17×0.13×0.02 0.09x0.08x0.02 0.11x0.10x0.08 0.14x0.09x0.09 0.13x0.09x0.02 0.38x0.08x0.03 0.23×0.05×0.04 0.27×0.23×0.02 0.10x0.08x0.02
Crystal system Triclinic Triclinic Triclinic Monoclinic Orthorhombic Orthorhombic Orthorhombic Monoclinic Monoclinic Triclinic
Space group P-1 P-1 P-1 P21/c P212121 Pca21 Pnma P21/c C2/c P-1
a (Å) 11.6744(2) 9.9426(2) 9.889(2) 17.343(4) 10.79590(10) 20.3569(3) 34.0170(2) 9.30850(10) 28.5670(5) 9.6277(19)
b (Å) 13.4649(3) 10.4797(2) 10.453(2) 13.899(3) 14.6502(2) 13.29420(10) 35.8002(3) 37.3217(5) 10.11050(10) 14.429(3)
c (Å) 14.0805(3) 22.5472(4) 22.590(5) 17.040(3) 28.7210(4) 43.3524(5) 12.72950(10) 11.8641(2) 28.6713(4) 17.748(4)
α (°) 73.3974(11) 77.4385(11) 77.38(3) 90 90 90 90 90 90 79.44(3)
β (°) 67.3962(10) 89.2173(9) 88.45(3) 97.84(3) 90 90 90 109.0667(5) 105.2678(7) 75.44(3)
γ (°) 82.4596(11) 73.4475(11) 73.38(3) 90 90 90 90 90 90 90.36(3)
V (Å3) 1957.60(6) 2195.12(7) 2181.9(8) 4069.1(14) 4542.57(10) 11732.4(2) 15502.2(2) 3895.57(9) 7988.8(2) 2342.4(8)
Z 2 2 2 4 4 8 12 4 8 2
Dcalc (g cm-3) 2.501 2.300 2.582 2.459 2.612 2.198 1.931 2.647 2.727 2.347
µ (mm-1) 10.972 9.706 14.458 10.470 14.463 9.495 8.210 14.116 16.33 13.815
θmin (°) 2.8 2.8 2.6 2.8 2.7 2.6 2.6 2.6 2.7 2.6
θmax (°) 27.5 27.5 27.5 28.7 27.5 27.5 27.5 27.5 27.5 26.0
Ncollected 45073 42982 36504 86619 53801 136483 167090 75384 75950 40808
Nunique 8977 10048 9868 10405 10384 25863 18064 8942 9169 35293
Nobserved 7800 (I > 2σ(I)) 9088 (I > 2σ(I)) 8883 (I > 2σ(I)) 8898 (I > 2σ(I)) 9194 (I > 2σ(I)) 14579 (I > 2σ(I)) 14693 (I > 2σ(I)) 7077 (I > 2σ(I)) 6581 (I > 2σ(I)) 28729 (I > 2σ(I))
No. of 
parameters
494 546 546 536 550 1402 852 457 459 199
R1 0.032 0.032 0.061 0.039 0.037 0.043 0.032 0.042 0.039 0.107
wR2 0.066 0.084 0.170 0.094 0.085 0.080 0.082 0.088 0.080 0.268
S 1.04 1.08 1.07 1.05 1.02 0.93 1.03 1.16 1.04 1.11
(∆/ρ)min (e Å-3) -1.61 –1.61 –6.34 –4.32 -2.00 -2.14 –1.26 –1.87 -1.71 -3.79
(∆/ρ)max (e Å-3) 4.75 1.52 5.65 3.19 1.25 3.63 1.57 1.86 2.01 4.85
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(a)
(b)
Figure S1. (a) Calculated (top) and experimental ESI MS (bottom) molecular ion for 
W2Ir3(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5Me4H) (4d). (b) Calculated (top) and 
experimental ESI MS (bottom) [M + Na]+ ion for W2Ir3(µ-CO)4(CO)4(PPh3)(η5-
C5H5)2(η5-C5Me4H) (4d).
	  	   76	  
	   	  
	  
	  	   77	  
	  	  	  
	  	   78	  
	   	  
	   	  
	  
	  
	  	   79	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	   	  
	  	   80	  
Publication 3 
 
 
Mixed-Metal Cluster Chemistry. 35. Syntheses and Structural Studies 
of Mo3Ir3(µ3-O)(µ-CO)3(CO)8(η5-C5H5)3, Mo4Ir4(µ-CO)4(CO)9(η5-
C5H5)4 and Mo3Ir5(µ-CO)3(Cl)(CO)6(η5-C5H5)3(η5-C5HMe4) 
 
Contribution to the Special Issue of the Journal of Organometallic Chemistry on Concepts for the Structure and 
Bonding of Organometallic Compounds, celebrating the 70th birthday of Professor Mike Mingos 
 
Junhong Fu, Graeme J. Moxey, Marie P. Cifuentes, and Mark G. Humphrey* 
 
 
Research School of Chemistry, Australian National University (ANU), Canberra, ACT 
0201, Australia 
 
 
J. Organomet. Chem. 2015, 792, 46-50 
 
 
 
 
	  	   81	  
Mixed-metal cluster chemistry. 35. Syntheses and structural studies of
Mo3Ir3(m3-O)(m-CO)3(CO)8(h5-C5H5)3, Mo4Ir4(m-CO)4(CO)9(h5-C5H5)4
and Mo3Ir5(m-CO)3(Cl)(CO)6(h5-C5H5)3(h5-C5HMe4)*
Junhong Fu, Graeme J. Moxey, Marie P. Cifuentes, Mark G. Humphrey*
Research School of Chemistry, Australian National University, Canberra, ACT 2601, Australia
a r t i c l e i n f o
Article history:
Received 15 December 2014
Received in revised form
3 January 2015
Accepted 6 January 2015
Available online 13 January 2015
Dedicated to Professor Mike Mingos, an
inspirational chemist.
Keywords:
Crystal structures
Molybdenum
Iridium
Cluster
Cyclopentadienyl
a b s t r a c t
The reaction of Ir(CO)2(h5-C5HMe4) with Mo2Ir2(m-CO)3(CO)7(h5-C5H5)2 affords a complex mixture from
which three structurally-characterized products were obtained following thin-layer chromatography.
Mo3Ir3(m3-O)(m-CO)3(CO)8(h5-C5H5)3 (1) is Effective Atomic Number (EAN) Rule EAN-precise and pos-
sesses an edge-bridged trigonal bipyramidal core with the face-capping oxo ligand located in a Mo2Ir2
butterﬂy cleft in the structure. Mo4Ir4(m-CO)4(CO)9(h5-C5H5)4 (2) possesses four electrons less than the
Polyhedral Skeletal Electron Pair Theory (PSEPT)-expected count for a capped pentagonal bipyramidal
cluster with the apical atoms within bonding distance. Mo3Ir5(m-CO)3(Cl)(CO)6(h5-C5H5)3(h5-C5HMe4) (3)
possesses a tetracapped tetrahedral core and has six electrons less than the PSEPT-predicted electron
count. The core geometries exhibited by clusters 2 and 3 have previously only been observed for clusters
including signiﬁcant group 10 and group 11 metal content.
© 2015 Elsevier B.V. All rights reserved.
Introduction
Transition metal clusters occupy the regime between mono-
metallic complexes and nanocrystalline materials. The challenge of
rationalizing the stability of such species has spurred the devel-
opment of theory, one key example of which is the polyhedral
skeletal electron-pair theory (PSEPT, also known as the Wade-
Mingos rules) [1,2]. The ﬁeld of transition metal carbonyl clusters
increased explosively following the advent of routine single-crystal
X-ray diffraction studies that were needed to conclusively establish
the identity of these clusters [3], to the extent that the ﬁeld can now
be considered mature. Notwithstanding the now-well-established
nature of this area, it is still the case that mixed-metal clusters
incorporating disparate metals remain comparatively underex-
ploited, despite the practical advantages that locating two differing
metals in the one cluster may afford, such as enhancing the
prospects of controlling chemistry via metal- or bond-selectivity
for substrates, labelling vertices to establish ligand ﬂuxionality
pathways, and controlling the spatial disposition and connectivity
of heterobimetallic species in subsequent catalytic processes [4].
We have reported comprehensive studies of the syntheses and
chemistry of tetranuclear mixed molybdenum/tungsteneiridium
carbonyl clusters [5] and have recently extended these studies to
embrace pentanuclear examples [6]. On modifying the reaction
conditions employed for the syntheses of one of the pentanuclear
clusters, we observed the unexpected formation of several higher-
nuclearity species, the syntheses and structural characterization of
which are reported herein.
Experimental
General experimental conditions and starting materials
The reaction was performed under an atmosphere of nitrogen
using standard Schlenk techniques. The product clusters proved
indeﬁnitely stable in air as solids and for at least short periods of
time in solution, and thus no special precautions were taken to
exclude air in their work-up. The toluene reaction solvent was AR
* Contribution to the Special Issue of the Journal of Organometallic Chemistry on
Concepts for the Structure and Bonding of Organometallic Compounds, celebrating
the 70th birthday of Professor Mike Mingos.
* Corresponding author. Tel.: þ61 2 6125 2927; fax: þ61 2 6125 0750.
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0022-328X/© 2015 Elsevier B.V. All rights reserved.
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grade and was distilled under nitrogen over sodium benzophenone
ketyl. Literature procedures were used to synthesize Ir(CO)2(h5-
C5HMe4) [6] and Mo2Ir2(m-CO)3(CO)7(h5-C5H5)2 [7]. All other sol-
vents and other reagents were obtained commercially and were
used as received. Petrol refers to a fraction of boiling range
60e80 !C. The cluster products were puriﬁed by preparative thin-
layer chromatography (TLC) on a 20 " 20 cm glass plate coated
with Merck GF254 silica gel (0.5 mm). IR spectra were recorded on a
PerkinElmer Spectrum One FT-IR spectrometer using a CaF2 solu-
tion cell and AR grade n-hexane solvent.
Synthesis of Mo3Ir3(m3-O)(m-CO)3(CO)8(h5-C5H5)3 (1), Mo4Ir4(m-
CO)4(CO)9(h5-C5H5)4 (2) and Mo3Ir5(m-CO)3(Cl)(CO)6(h5-C5H5)3(h5-
C5HMe4) (3)
Ir(CO)2(h5-C5HMe4) (16.0 mg, 43.2 mmol) was added to a red
solution of Mo2Ir2(m-CO)3(CO)7(h5-C5H5)2 (46.0 mg, 46.4 mmol) in
toluene (30 mL), and the resultant solution was heated at reﬂux for
90 min, the extent of reaction being monitored by IR spectroscopy.
The solution reaction mixture was taken to dryness in vacuo, and
the crude residue was dissolved in a minimum amount of CH2Cl2
and applied to a silica preparative TLC plate. Elution with CH2Cl2/
petrol (9:1) afforded 6 bands. The contents of the ﬁrst (Rf ¼ 0.93,
yellow), second (Rf¼ 0.75, orange) and fourth (Rf¼ 0.50, red) bands
were in trace amounts and the products contained therein could
not be identiﬁed. The contents of the third band (Rf ¼ 0.68,
dark yellow) were extracted with CH2Cl2 and reduced in volume,
producing a dark yellow solid (ca. 0.5 mg), identiﬁed as Mo3Ir3(m3-
O)(m-CO)3(CO)8(h5-C5H5)3 (1) by a single-crystal X-ray crystallog-
raphy study [IR: n(CO) 2025 w, 2002 s, 1969 s, 1935 sh, 1886 w,1721
w cm$1]. The contents of the ﬁfth band (Rf ¼ 0.43, brown) were
extracted with CH2Cl2 and reduced in volume to afford a black solid
identiﬁed as Mo2Ir3(m-CO)3(CO)6(h5-C5H5)2(h5-C5HMe4) (23.8 mg,
18.6 mmol, 31%) by IR spectral comparison to an authentic sample
[6]. The contents of the sixth band (Rf¼ 0.31, brown)were extracted
with CH2Cl2 and reduced in volume, producing a brown solid.
Crystallization from n-hexane afforded co-crystallized Mo4Ir4(m-
CO)4(CO)9(h5-C5H5)4 (2) and Mo3Ir5(m-CO)3(Cl)(CO)6(h5-C5H5)3(h5-
C5HMe4) (3) (ca. 0.5 mg) [IR: n(CO) 2025m,1997 s, 1969m,1944 sh,
1886 w, 1837 w, 1706 w cm$1].
X-ray structural studies of Mo3Ir3(m3-O)(m-CO)3(CO)8(h5-C5H5)3 (1)
and Mo4Ir4(m-CO)4(CO)9(h5-C5H5)4 (2),Mo3Ir5(m-CO)3(Cl)(CO)6(h5-
C5H5)3(h5-C5HMe4) (3)
Crystals of 1 and 2,3 suitable for theX-ray structural analyseswere
grown from n-hexane solutions. Intensity data were collected using
an Enraf-Nonius KAPPA CCD diffractometer at 200 K with MoKa ra-
diation (l ¼ 0.7170 Å). Suitable crystals were immersed in viscous
hydrocarbon oil and mounted on a glass ﬁbre that was mounted on
the diffractometer. Using psi and omega scans Nt (total) reﬂections
were measured, which were reduced to No unique reﬂections, with
Fo>2s(Fo) being considered “observed”. Datawere initiallyprocessed
and corrected for absorption using the programs DENZO [8] and
SORTAV [9]. The structures were solved using direct methods, and
observed reﬂectionswereused in least squares reﬁnementon F2,with
anisotropic thermal parameters reﬁned for non-hydrogen atoms.
Hydrogen atomswere constrained in calculated positions and reﬁned
with a riding model. Structure solutions and reﬁnements were per-
formed using the programs SHELXS-97 and SHELXL-2013 [10]
through the graphical interface Olex2 [11], which was also used to
generate theﬁgures.Crystaldata for1: C26H15Ir3Mo3O12,M¼1383.80,
brownblock,0.09"0.09"0.07mm3, triclinic, spacegroupP-1 (No.2),
a¼10.690(2),b¼11.239(2), c¼11.950(2)Å,a¼98.22(3),b¼91.51(3),
g¼ 91.60(3)!, V¼ 1419.8(5) Å3, Z¼ 2, Dc¼ 3.237 g/cm3, F000¼ 1248,
m ¼ 15.35 mm$1, 2qmax ¼ 56.6!, 30,544 reﬂections collected, 7033
unique. Final GoF¼ 1.01, R1¼ 0.040,wR2¼ 0.097, R indices based on
5591 reﬂections with I > 2s(I) (reﬁnement on F2), 397 parameters, 3
restraints. Crystal data for 2,3: C33H20Ir4Mo4O13.C33H28ClIr5Mo3O9,
M¼ 3629.87, brownplate, 0.08" 0.07" 0.01mm3,monoclinic, space
group P21/c (No. 14), a ¼ 20.459(4), b ¼ 17.297(4), c ¼ 22.038(4) Å,
b¼ 100.56(3)!, V¼ 7667(3) Å3, Z ¼ 4, Dc¼ 3.145 g/cm3, F000 ¼ 6496,
m ¼ 16.75 mm$1, 2qmax ¼ 52.8!, 120,726 reﬂections collected, 15,673
unique. Final GoF¼ 0.96, R1¼ 0.055,wR2¼ 0.131, R indices based on
10,419 reﬂections with I > 2s(I) (reﬁnement on F2), 950 parameters,
285 restraints. Variata. In 1, anisotropic displacement parameter re-
straints were applied to carbonyl ligand C121eO121. In 2,3, disor-
dered lattice solvent could not be successfully modelled, and was
therefore removed from the reﬁnement using PLATON SQUEEZE [12].
Anisotropic displacement parameter restraints and constraints were
applied to cyclopentadienyl ligands C1eC5, C6eC10, C11eC15,
C21eC25, and carbonyl ligands C4AeO4A, C34AeO34A.
Results and discussion
Synthesis of Mo3Ir3(m3-O)(m-CO)3(CO)8(h5-C5H5)3 (1) and Mo4Ir4(m-
CO)4(CO)9(h5-C5H5)4 (2),Mo3Ir5(m-CO)3(Cl)(CO)6(h5-C5H5)3(h5-
C5HMe4) (3)
The reaction between Ir(CO)2(h5-C5HMe4) (43.2 mmol) and
Mo2Ir2(m-CO)3(CO)7(h5-C5H5)2 (46.4 mmol) in reﬂuxing toluene
(30 mL) for 90 min afforded a complex mixture of products that
were separated by thin-layer chromatography (Scheme 1). The
major product [Mo2Ir3(m-CO)3(CO)6(h5-C5H5)2(h5-C5HMe4), 31%]
has been previously obtained in a signiﬁcantly higher yield (68%)
from the reaction between the same reagents, but under different
conditions, varying the molar ratio, quantity of solvent, and reac-
tion duration [Ir(CO)2(h5-C5HMe4) (28.9 mmol) and Mo2Ir2(m-
CO)3(CO)7(h5-C5H5)2 (19.3 mmol) in reﬂuxing toluene (7mL) for 1 h]
[6]; thus, the reaction outcomes are highly sensitive to the speciﬁc
reaction conditions. In the present case, several minor bands in
essentially trace amounts were separable. Attempts to crystallize
the contents afforded suitable single crystals for X-ray diffraction
studies from two of the bands (the third and sixth, as described in
the Experimental Section).
X-ray structural study of Mo3Ir3(m3-O)(m-CO)3(CO)8(h5-C5H5)3 (1)
The structural study of the crystal obtained from the contents of
the third band from the TLC plate revealed its identity to be
Mo3Ir3(m3-O)(m-CO)3(CO)8(h5-C5H5)3 (1). An ORTEP diagram of 1 is
shown in Fig. 1, while selected bond lengths are collected in the
ﬁgure caption.
Cluster 1 possesses an edge-bridged trigonal bipyramidal core
with the three iridium atoms deﬁning one face of the trigonal
bipyramid and a molybdenum atom bridging an apical Ir e equa-
torial Ir vector. The molybdenum atoms are each ligated by a h5-
cyclopentadienyl ligand, and the cluster contains eleven carbonyl
ligands (three edge-bridging, eight terminally-ligated). A m3-oxo
ligand, assumed to derive from cleavage of a CO ligand, completes
the coordination sphere (note that we cannot discount the possi-
bility that it derives from oxidation on work-up); its assignment as
O rather than C is consistent with its reﬁnement behaviour (more
plausible thermal parameters) and chemical precedent (see below:
a face-capping residue is far more likely to be an oxo than a carbido
ligand, particularly in situations such as this where a higher metal
loading is possible). The IreIr [2.7410(9)e2.7546(8) Å], MoeIr
[2.6817(11)e2.8947(11) Å], and MoeMo [3.1062(13) Å] bond dis-
tances lie within the range of literature precedents. The three
bridging CO ligands all bridge MoeIr vectors and are all formally
J. Fu et al. / Journal of Organometallic Chemistry 792 (2015) 46e50 47
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Introduction 
Group 6 and group 9 mixed-metal clusters have attracted long-standing interest for many 
reasons. The polar metal–metal bonds formed between electropositive metals (group 6) 
and electronegative metals (group 9) may provide additional avenues for substrate 
activation.1 The heterometallic sites in cluster molecules could afford the possibility of 
probing metallo-, bond-, and site-selectivity for a variety of reagents.1 Shapley and 
Churchill and their coworkers reported the synthesis and structures of WIr3(CO)11(η5-
C5H5) and W2Ir2(CO)10(η5-C5H5)2, which are conceptually derived from Ir4(CO)12 by 
stepwise replacement of Ir(CO)3 by isolobal fragment (η5-C5H5)W(CO)2.2 They showed 
drastically enhanced reactivity toward phosphine and alkyne reactions compared to 
Ir4(CO)12,3 and their difference of W/Ir ratio has been used to rationalize butane 
hydrogenolysis over cluster-derived bimetallic catalysts.2a Due to ease of synthetic access 
to low-nuclearity trinuclear and tetranuclear group 6 and group 9 mixed-metal clusters, 
extensive studies has been expended on their synthesis and reactivity.4 Applicable 
procedures to medium- and high-nuclearity (M ≥ 5) clusters are relatively scarce.5 
Metal carbonyl complexes (η5-C5H5-nMen)M(CO)2 (M = Rh, Ir) are prone to lose carbon 
monoxide ligands, and further react as building fragments with existing clusters to form 
higher nuclearity clusters.6 We have recently reported studies of the synthesis of trigonal-
bipyramidal clusters M2Ir3(µ-CO)3(CO)6(η5-C5H5)2(η5-C5Me4R) (R = Me, H; M = Mo, 
W) formed by reactions of neutral reagents Ir(CO)2(η5-C5Me4R) (R = Me, H) with 
tetranuclear clusters, and their phosphine, isocyanide, and alkyne chemistry.5b,7 In the 
present work, we report herein the studies of molybdenum/tungsten-rhodium-iridium 
pentanuclear clusters by reactions of relatively robust reagents Rh(CO)2(η5-C5Me4R) (R 
= Me, H) with M2Ir2(CO)10(η5-C5H5)2 (M = Mo, W) and their phosphine and alkyne 
chemistry.   
Experimental 
General Conditions and Reagents. Reactions were performed under an atmosphere of 
nitrogen using standard Schlenk techniques. Reactions were monitored regularly by IR 
spectroscopy to ensure consumption of the starting cluster. Product clusters proved 
indefinitely stable in air as solids and for at least short periods of time in solution, and 
thus no special precautions were taken to exclude air in the work-ups. The reaction 
solvent was AR grade and was distilled under nitrogen CH2Cl2 over CaH2, THF over 
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sodium benzophenone ketyl and toluene over sodium. All other solvents and other 
reagents were obtained commercially and were used as received. Petrol refers to a fraction 
of boiling range 60–80 °C. Cluster products were purified by preparative thin-layer 
chromatography (TLC) on 20 × 20 cm glass plates coated with Merck GF254 silica gel 
(0.5 mm). Analytical TLC was conducted on aluminum sheets coated with 0.25 mm 
Merck GF254 silica gel. Literature procedures were used to synthesize Rh(CO)2(η5-
C5Me5), Rh(CO)2(η5-C5HMe4),8,10 W2Ir2(CO)10(η5-C5H5)2 (1),2a Mo2Ir2(µ-CO)3(CO)7(η5-
C5H5)2 (2),9 Mo2RhIr2(CO)9(η5-C5H5)2(η5-C5HMe4) (5 and 5’), W2RhIr2(µ-
CO)3(CO)6(η5-C5H5)2(η5-C5HMe4) (6), W2RhIr2(µ-CO)4(CO)5(η5-C5H5)2(η5-C5HMe4) 
(6’).10 Triphenylphosphine (PPh3), tri(p-tolyl)phosphine (P(C6H4Me-4)3), tris(4-
methoxy-3,5-dimethylphenyl)phosphine (P(4-OMe-3,5-Me-C6H2)3), dimethyl 
acetylenedicarboxylate (C≡C(COOMe)2), diphenylacetylene (PhC≡CPh) were obtained 
commercially and were used as received. 
Synthesis of Mo2RhIr2(µ-CO)3(CO)6(η5-C5H5)2(η5-C5Me5) (3). Rh(CO)2(η5-C5Me5) 
(7.9 mg, 26.9 µmol) was added to an orange solution of Mo2Ir2(µ-CO)3(CO)7(η5-C5H5)2 
(1) (12.6 mg, 12.7 µmol) in CH2Cl2 (25 mL), and the resultant solution was heated at 
reflux for 15 h. The solution was taken to dryness in vacuo, and the crude residue was 
dissolved in a minimum amount of CH2Cl2 and applied to a silica preparative TLC plate. 
Elution with CH2Cl2/petrol (3:2) afforded two bands. The contents of the first band (Rf = 
0.8, orange) were extracted with CH2Cl2 and reduced in volume to afford an orange-red 
solid identified as unreacted 1 (3.5 mg, 3.5 µmol, 27 %). The contents of the second band 
(Rf = 0.3, black) were extracted with CH2Cl2 and reduced in volume to afford a black 
solid identified as 3 (9.1 mg, 7.5 µmol, 60 %). IR (CH2Cl2): ν(CO) 2023 vs, 1997 vs, 
1968 sh, 1950 m, 1901 w, 1837 br, 1760 br cm-1. 1H NMR (CDCl3): δ 5.17 (s, 5H, C5H5), 
5.08 (s, 5H, C5H5), 1.74 (s, 15H, C5Me5). MS (ESI): calculated C29H25Ir2Mo2O9Rh, 
1201.7921 ([M]+); found 1201.7915 ([M]+, 10). Analysis calculated for 
C29H25Ir2Mo2O9Rh: C 29.10, H 2.10%: found, C 29.26, H 2.25%.  
Synthesis of W2RhIr2(µ-CO)3(CO)6(η5-C5H5)2(η5-C5Me5) (4). Rh(CO)2(η5-C5Me5) 
(8.2 mg, 27.9 µmol) was added to an orange solution of W2Ir2(CO)10(η5-C5H5)2  (2)  (14.5 
mg, 12.4 µmol) in CH2Cl2 (25 mL) and the resultant solution was heated at reflux for 14 
h. The solution was taken to dryness in vacuo, and the crude residue was dissolved in a 
minimum amount of CH2Cl2 and applied to a silica preparative TLC plate. Elution with 
CH2Cl2/petrol (3:2) afforded two bands. The contents of the first band (Rf = 0.80, orange) 
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were extracted with CH2Cl2 and reduced in volume to afford an orange-red solid 
identified as unreacted 2 (2.0 mg, 1.7 µmol, 14%). The contents of the second band (Rf = 
0.4, black) were extracted with CH2Cl2 and reduced in volume to afford a black solid 
identified as 4 (10.8 mg, 7.9 µmol, 64 %). IR (CH2Cl2): ν(CO) 2021 vs, 1994 vs, 1964 
sh, 1945 m, 1906 br, 1845 br, 1762 br cm-1. 1H NMR (CDCl3): δ 5.23 (s, 5H, C5H5), 5.14 
(s, 5H, C5H5), 1.62 (s, 15H, C5Me5). MS (ESI): calculated C29H25Ir2O9RhW2, 1373.8832 
([M]+); found 1373.8881 ([M]+, 90). Analysis calculated for C29H25Ir2O9RhW2: C 25.38, 
H 1.84%: found, C 25.80, H 1.86%. 
Synthesis of Mo2RhIr2(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5Me5) (3a). PPh3 (7.8 mg, 
29.8 µmol) was added to a black solution of 3 (14.0 mg, 11.6 µmol) in THF (25 mL) and 
the resultant mixture was heated at reflux for 14 h. The solution was taken to dryness in 
vacuo, and the crude residue dissolved in the minimum amount of CH2Cl2 and applied to 
a silica preparative TLC plate. Elution with CH2Cl2/petrol (9:1) afforded one band. The 
contents of the band (Rf = 0.5, dark red) were extracted with CH2Cl2 and reduced in 
volume to afford a dark red solid identified as 3a (6.8 mg, 4.7 µmol, 41%). IR (CH2Cl2): 
ν(CO) 2005 s, 1965 s, 1884 w, 1778 br, 1722 br cm-1. 1H NMR: δ 7.38-7.62 (m, 15H, 
3C6H5), 4.83 (s, 10H, 2×C5H5), 1.60 (s, 15H, C5Me5). 31P NMR (CDCl3): δ 23.4 (s, P, 
PPh3). MS (ESI): calculated C46H41Ir2Mo2O8PRh, 1436.8961 ([M + H]+); found 
1436.8984 ([M + H]+, 10). Analysis calculated for C46H40Ir2Mo2O8PRh: C 38.61, H 
2.82%: found C 38.98, H 2.97%. 
Synthesis of Mo2RhIr2(µ4-η2-CC(COOMe)2)(µ-CO)4(CO)4(η5-C5H5)2(η5-C5Me5) 
(3e). C≡C(COOMe)2  (0.1 mL, 81.7 µmol) was added to a black solution of 3 (11.2 mg, 
9.3 µmol) in toluene (15 mL) and the resultant mixture was heated at reflux for 15 
minutes. The solution was taken to dryness in vacuo, and the crude residue dissolved in 
the minimum amount of CH2Cl2 and applied to a silica preparative TLC plate. Elution 
with CH2Cl2 afforded three bands. The contents of the second band (Rf = 0.3, green) were 
in trace amounts and consequently were not isolated. The content of the first band (Rf = 
0.7, black) were extracted with CH2Cl2 and reduced in volume to afford a black solid 
identified as unreacted 3 (1.2 mg, 1.0 µmol, 9%). The content of the third band (Rf = 0.1, 
purple) were extracted with CH2Cl2 and reduced in volume to afford a black solid 
identified as 3e (3.2 mg, 2.4 µmol, 25%). IR (CH2Cl2): ν(CO) 2069 w, 2046 s, 2026 vs, 
2000 s, 1975 w, 1814 m, 1762 w, 1740 br s cm-1. 1H NMR (CDCl3): δ 5.04 (s, 5H, C5H5), 
4.85 (s, 5H, C5H5), 3.75 (s, 6H, CC(COOMe)2), 1.68 (s, 15H, C5Me5). MS (ESI): 
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calculated C34H32Ir2Mo2O12Rh, 1316.8316 ([M + H]+); found 1316.8330 ([M + H]+, 100); 
C34H31Ir2Mo2NaO12Rh, 1338.8135 ([M + Na]+); found 1338.8118 ([M + Na]+, 90). Small 
amount of sample precluded microanalytical analysis. 
Instrumentation. Infrared spectra were recorded on PerkinElmer System 2000 and 
PerkinElmer Frontier FT-IR spectrometers using a CaF2 solution cell and AR grade 
CH2Cl2 solvent; spectral features are reported in cm-1. 1H NMR spectra were recorded on 
a Bruker Ascend-400 spectrometer at 400 MHz and Bruker Avance spectrometer at 800 
MHz in CDCl3 (referenced to residual solvent (δ 7.26)) or toluene-d8 (referenced to 
residual solvent (δ 6.97)) (Cambridge Isotope Laboratories). 31P NMR spectra were 
recorded on a Bruker Ascend-400 spectrometer at 162 MHz and a Bruker Avance-800 
spectrometer at 324 MHz in toluene-d8 or CDCl3. Unit resolution and high-resolution ESI 
mass spectra were recorded on a Micromass-Waters LC-ZMD single quadrupole liquid 
chromatograph-MS instrument, and are reported in the form: m/z (assignment, relative 
intensity). Microanalyses of 3 and 4 were carried out at the Microanalysis Service Unit 
in the Research School of Chemistry, ANU and 3a-3c, 4a-4c, 5b, 5c, 6b, 6c at the School 
of Human Sciences, Science Centre, London Metropolitan University, UK.  
Cyclic voltammetry. Measurements were recorded at room temperature using an EA161 
potentiostat and e-corder from eDaq Pty Ltd, with platinum disk working, platinum wire 
auxiliary, and Ag/AgCl reference electrodes, such that the ferrocene/ferrocenium redox 
couple was located at 0.56 V (ipc/ipa = 1; ΔEp = 0.09 V). Scan rates were typically 100 mV 
s−1. Solutions contained 0.1 M (NnBu4)PF6 and ca. 10−3 M complex in dried, distilled 
dichloromethane, and were deoxygenated and maintained under a nitrogen atmosphere.  
Spectroelectrochemical studies. IR spectroelectrochemical data of 4a were recorded on 
a PerkinElmer Frontier FT-IR spectrometer. Solutions were made up using 0.3 M 
(NnBu4)PF6 in dried and distilled CH2Cl2. Solution spectra of the oxidized species were 
obtained at 298 K by electrogeneration with an applied potential of 500 mV, followed by 
700 mV in an optically transparent thin-layer electrochemical (OTTLE) cell. 
X-ray structural studies. The crystal and refinement data for compounds 3, 4, 3a–3c, 
4a, 4b, 5b, and 3e are summarized in Table S1 and S2. Crystals suitable for the X-ray 
structural analyses were grown by liquid diffusion of methanol into a CH2Cl2 solution. 
Suitable crystals were immersed in viscous hydrocarbon oil and mounted on glass fibers 
that were mounted on the diffractometer. Intensity data were collected using a Nonius 
KAPPA CCD at 200 K with MoKα radiation (λ = 0.7170 Å). Nt (total) reflections were 
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measured by using psi and omega scans and were reduced to No unique reflections, with 
Fo > 2σ(Fo) being considered to be observed. Data were initially processed and corrected 
for absorption using the programs DENZO.[11] The structures were solved using direct 
methods, and observed reflections were used in least squares refinement on F2, with 
anisotropic thermal parameters refined for non-hydrogen atoms. Hydrogen atoms were 
constrained in calculated positions and refined with a riding model. Structure solutions 
and refinements were performed using the program SHELXS-97[12] through the graphical 
interface Olex2[13] was used to generate the figures. In all structures, the largest peaks in 
the final difference electron map are located near the metal atoms. 
Results and discussion  
Synthesis of penta- and hexa-nuclear clusters   
 
Scheme 1. Reaction of Rh(CO)2(η5-C5Me5) with M2Ir2(CO)10(η5-C5H5)2  (M = Mo 1, M 
= W, 2) 
The reaction of Rh(CO)2(η5-C5Me5) with 1 in refluxing CH2Cl2 for 15 hours, afforded 
Mo2RhIr2(µ-CO)3(CO)6(η5-C5H5)2(η5-C5Me5) (3) in 60% yield. An analogue W2RhIr2(µ-
CO)3(CO)6(η5-C5H5)2(η5-C5Me5) (4) was obtained by the reaction of Rh(CO)2(η5-C5Me5) 
with 2 in a yield of 64% (Scheme 1). 3 and 4 were characterized by IR and 1H NMR 
spectroscopy, ESI MS, satisfactory microanalyses and single-crystal X-ray diffraction 
studies. The solution IR spectra of them in CH2Cl2 contain seven ν(CO) bands, four of 
which correspond to terminal (2023−1945 cm-1) and three to bridging carbonyl ligands 
(1906−1760 cm-1). The 1H NMR spectrum of 3 contains two resonances assigned to the 
molybdenum-bound cyclopentadienyl groups at δ 5.17 and 5.08, one resonance at δ 1.74 
attributed to the rhodium-bound pentamethylcyclopentadienyl group, with these three 
resonances in a ratio of 5:5:15. Likewise, 4 shows signals in the 1H NMR spectrum at δ 
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5.23, 5.14 corresponding to tungsten-bound cyclopentadienyl groups and δ 1.62 to 
rhodium-bound pentamethylcyclopentadienyl group. Intense molecular-ion peaks with 
the correct characteristic isotope patterns are seen at 1201 and 1373 mass units in the ESI 
MS spectrum for 3 and 4, respectively.  
 
Scheme 2. Reaction of Rh(CO)2(η5-C5Me4H) with M2Ir2(µ-CO)3(CO)7(η5-C5H5)2 (M = 
Mo 1, M = W, 2) 
We have very recently explored reactions of the related capping reagent Rh(CO)2(η5-
C5Me4H) with 1 or 2 in refluxing CH2Cl2 affording M2RhIr2(µ-CO)3(CO)6(η5-C5H5)2(η5-
C5HMe4) (M = Mo, 5; M = W, 6), M2RhIr2(µ-CO)4(CO)5(η5-C5H5)2(η5-C5HMe4) (M = 
Mo, 5’; M = W, 6’), and M2Rh2Ir2(µ3-CO)(µ-CO)3(CO)4(η5-C5H5)2(η5-C5HMe4)2 (M = 
Mo, 7a; M = W, 7b) (Scheme 2).10 A dynamic permutational isomerism between 6 and 
6’ was observed and the process has been studied by NMR kinetics. 5 and 5’ are mixed 
together and cannot be separated due to the fast interconverting rate in solution. To 
synthesize similar hexanuclear cluters, reactions of Rh(CO)2(η5-C5Me5) with mixture 5 
and 5’ or 6’ were carried out in refluxing CH2Cl2 for two days and monitored by IR 
spectroscopy, whereas no reaction happened except that the decomposition of 
Rh(CO)2(η5-C5Me5) due to long time reflux. The reaction of relatively less steric 
hindrance ligand Rh(CO)2(η5-C5Me4H) with mixture 5 and 5’ also did not occur.10 
Single-crystal X-ray diffraction studies confirmed the molecular compositions of 3 and 
4, and ORTEP plots with the molecular structure and atomic labeling schemes for them 
are shown in Figure 1 and 2. The metal cores of 3 and 4 both adopt tbp geometry with the 
group 6 metals ligated by η5-cyclopentadienyl groups and the incoming Rh(η5-C5Me5) 
unit capped one of the MIr2 (M = Mo, W) faces. Both contain three bridging and six 
terminally bound carbonyl ligands. Notably, the disposition of bridging carbonyl ligands 
differs. Both possess 72 cluster valence electrons, and so are EAN-precise for M5 clusters 
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possessing nine M−M bonds. There is residual electronic asymmetry in 3 (Mo5, 17 e; 
Rh4, 19 e) and 4 (W5, 17 e; Rh4, 19 e), assigning the electrons from each ligand to the 
metal atom to which they are bound and a symmetrical distribution of the electrons from 
the bridging CO ligands.	  The metal-metal bond lengths in both are unexceptional. The 
bridging carbonyl CO24 symmetrically bridges Ir2−Rh4 vector in 3, and CO34 
symmetrically bridges Ir3−Rh4 vector in 4. Whereas, the carbonyl ligands CO14 and 
CO35 in 3, CO14 and CO25 in 4 are unsymmetrically disposed toward	  the group 6 metal 
atoms (asymmetry parameters in the range 0.19−0.28 and therefore formally semi-
bridging).14 
 
Figure 1. ORTEP plot and atom numbering scheme for Mo2RhIr2(µ-CO)3(CO)6(η5-
C5H5)2(η5-C5Me5) (3). Displacement ellipsoids are shown at the 40% probability level. 
Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å):	   Mo1−Ir2 
2.7797(5), Mo1−Ir3 2.7807(5), Mo1−Rh4 2.8487(6), Mo1−Mo5 3.0402(6), Ir2−Ir3 
2.7021(3), Ir2−Rh4 2.7190(4), Ir2−Mo5 2.8316(5), Ir3−Rh4 2.6988(4), Ir3−Mo5 
2.8033(5), Mo1−C11 1.980(6), Mo1−C14 1.984(5), Ir2−C21 1.898(6), Ir2−C22 1.919(6), 
Ir2−C24 1.994(5), Ir3−C31 1.881(6), Ir3−C32 1.874(6), Ir3−C35 2.479(6), Rh4−C24 
2.063(5), Rh4−C14 2.398(4), Mo5−35 1.979(6), Mo5−C51 1.980(6).  
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Figure 2. ORTEP plot and atom numbering scheme for W2RhIr2(µ-CO)3(CO)6(η5-
C5H5)2(η5-C5Me5) (4). Displacement ellipsoids are shown at the 40% probability level. 
Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å): Ir2−W1 
2.7779(9), Ir3−W1 2.7675(8), W1−Rh4 2.8407(10), W1−W5 2.9982(8), Ir3−Ir2 
2.7037(7), Ir2−Rh4 2.7175(11), Ir2−W5 2.8178(7), Ir3−Rh4 2.7067(10), Ir3−W5 
2.7949(9), W1−C14 1.982(12), W1−C11 1.982(12), Ir2−C21 1.890(12), Ir2−C22 
1.874(13), Ir2−C25 2.494(14), Ir3−C31 1.943(13), Ir3−C32 1.884(13), Ir3−C34 
2.000(12), Rh4−C14 2.355(12), Rh4−C34 2.053(11),	   W5−C51 1.962(14), W5−C25 
1.942(13). 	   
 
Phosphine substitution reactions 
 
 PPh3 (a) P(C6H4Me-4)3 (b) P(C6H2Me2-3,5-OMe-4)3 (c) 
M = Mo, R = CH3  3a, 41%;  3b, 69%;  3c, 70% 
M = W,   R = CH3   4a, 53%;  4b, 71%;  4c, 74% 
M = Mo, R = H      5a, 55%;  5b, 68%;  5c, 77% 
M = W,   R = H      6a, 81%;  6b, 78%;  6c, 57% 
 
Scheme 3. Reactions of phosphine ligands with pentanuclear clusters. 
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Reaction of 3 with excess amount of PPh3 in refluxing THF for 14 hours afforded of 3a, 
which was isolated by preparative TLC as a dark red solid in 41% yield (Scheme 3). An 
X-ray structural study of a single crystal of 3a identified the compound as Mo2RhIr2(µ-
CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5Me5). Analogous reactions with relatively large 
ligands P(C6H4Me-4)3 and P(C6H2Me2-3,5-OMe-4)3 in refluxing THF afforded 3b and 3c 
in yields of 69% and 70%, respectively. 3a, 3b and 3c have been characterized by IR 
spectroscopy, 1H NMR and 31P NMR spectroscopy, ESI MS, satisfactory microanalyses 
and single-crystal X-ray diffraction studies. The IR spectra of 3a−3c in CH2Cl2 are in 
similar pattern with five ν(CO) bands spanning the range 2005−1710 cm-1, two of which 
correspond to terminal carbonyl ligands and three to bridging carbonyl ligands, 
suggestive of their structural similarity. The 1H NMR spectra of 3a−3c each possess a 
single resonance for the two cyclopentadienyl ligands, consistent with a symmetrical 
structure for the clusters. The phenyl, cyclopentadienyl, and 
pentamethylcyclopentadienyl protons of 3a are found in the ratio 15:10:15 (3Ph : 2Cp : 
Cp*). A resonance of 3b at δ 2.38 was found corresponding to the methyl group for 
P(C6H4Me-4)3; and δ 2.24 and 3.72 of 3c were found corresponding to the methyl groups 
of P(C6H2Me2-3,5-OMe-4)3. The 31P NMR spectrum of 3a−3c each displayed a singlet 
resonance that moves downfield on proceeding phosphine ligands from P(4-OMe-3,5-
Me-C6H2)3, P(C6H4Me-4)3 to PPh3. The ESI mass spectrum each showed a molecular ion 
with the correct characteristic isotope pattern. (See Figure S1 for a representative ESI MS 
molecular ion and their calculated counterparts of 4a).  
Similar reactions of 4 with PPh3, P(C6H4Me-4)3 and P(C6H2Me2-3,5-OMe-4)3 in 
refluxing THF afforded 4a, 4b and 4c, respectively. We have recently explored that the 
reactions of 6 or 6’ with PPh3 both afforded the same product W2RhIr2(µ-
CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5HMe4) (6a). And the reaction of mixture 5 and 5’ with 
PPh3 only gave one product Mo2RhIr2(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5HMe4) (5a).10 
Similarly, reactions of P(C6H4Me-4)3 and P(C6H2Me2-3,5-OMe-4)3 with mixture 5 and 
5’ and 6 afforded 5b, 5c, 6b and 6c, respectively. Further studies of reactions of 6’ with 
phosphine ligands were not carried out, because their products are expected to be the 
same as reactions of 6 with phosphine ligands. 4a−4c, 5a−5c and 6a−6c were 
characterized by IR, 1H NMR and 31P NMR spectroscopies, ESI MS, satisfactory 
microanalyses and, in the case of 4a, 4b, 5a, 5b and 6a, single-crystal X-ray diffraction 
studies. The IR and 1H NMR spectra of 3a−3c, 4a−4c, 5a−5c and 6a−6c all displayed 
similar patterns. Each showed a singlet resonance in the 31P NMR spectrum, as expected. 
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And each displayed a molecular ion or molecule adducts with the correct characteristic 
isotope pattern in the ESI mass spectrum. 
Single-crystal X-ray diffraction studies revealed the molecular compositions of 3a, 3b, 
3c, 4a, 4b, 5a, 5b and 6a. ORTEP plots with the molecular structure and atomic labeling 
schemes of 3a are shown in Figure 3, and that of 3b, 3c, 4a, 4b, 5b can be seen in the 
supporting information. Selected bond lengths of 3a, 3b, 3c, 4a, 4b and 5b are in Table 
1. Crystal data of 5a and 6a can be seen in our previously studies.10  
The metal cores of 3a, 3b, 3c, 4a, 4b, 5a, 5b, 6a all possess tbp geometry that result from 
a formal isomerization corresponding to interchange of an apical Mo/W and equatorial 
Ir. The group 6 metals are ligated by η5-cyclopentadienyl groups, and the rhodium atom 
is ligated by η5-cyclopentadienyl ligands with varying degrees of alkylation. The 
incoming phosphine ligands ligate to the apical Ir atom. The core bond distances fall 
within the range of literature precedents. In 3a, the two bridging CO ligands CO24 (α = 
0.05) and CO35 (α = 0.06) relatively symmetrically bridged; but CO14 (α = 0.15) and 
CO15 (α = 0.20) are all formally semi-bridging, being displaced significantly towards 
molybdenum atom.14 
 
Figure 3. ORTEP plot and atom numbering scheme for Mo2RhIr2(µ-CO)4(CO)4(PPh3)(η5-
C5H5)2(η5-C5Me5) (3a). Displacement ellipsoids are shown at the 40% probability level. 
Hydrogen atoms have been omitted for clarity. 
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Table 1. Selected bond lengths (Å) for 3a, 3b, 3c, 4a, 4b, 5b. 
 3a (M=Mo) 3b (M=Mo) 3c (M=Mo) 4a (M=W) 4b (M=W) 5b (M=Mo) 
M2—M1 2.9659 (15) 2.8855 (7) 2.8906 (11) 2.9435 (18) 2.8759(5) 2.9208 (17) 
Ir3—M1 2.8063 (10) 2.9393 (6) 2.9107 (10) 2.8022 (16) 2.9280(6) 2.9150 (14) 
Rh4—M1 2.8245 (10) 2.7666 (7) 2.7800 (11) 2.818 (2) 2.7631(6) 2.755 (2) 
Ir5—M1 2.8466 (10) 2.8622 (8) 2.8972 (12) 2.8501 (15) 2.8591(8) 2.8732 (14) 
Ir3—M2 2.8328 (9) 2.7446 (9) 2.7556 (10) 2.8335 (14) 2.7374(9) 2.7515 (15) 
Rh4—M2 2.8007 (12) 2.8896 (9) 2.8762 (12) 2.802 (2) 2.8839 (9) 2.8513 (19) 
Ir5—M2 2.8513 (9) 2.9120 (6) 2.8897 (9) 2.8404 (15) 2.9000 (5) 2.8758 (17) 
Ir3—Rh4 2.7566 (8) 2.7254 (6) 2.7308 (9) 2.763 (2) 2.7283(7) 2.7398 (13) 
Ir5—Ir3 2.7667 (9) 2.7551 (5) 2.7676 (9) 2.7721 (16) 2.7576 (5) 2.7540 (14) 
M1—C14 1.993 (7) 2.014 (4) 2.030 (7) 2.04 (2) 1.995 (6) 2.018 (16) 
Rh4—C14 2.295 (7) 2.148 (4) 2.165 (7) 2.23 (2) 2.154 (6) 2.200 (16) 
M1—C15 1.992 (7) 2.000 (5) 1.982 (7) 2.00 (2) 1.992 (6) 2.016 (15) 
Ir5—C15 2.399 (6) 2.344 (4) 2.369 (6) 2.44 (2) 2.429 (6) 2.333 (14) 
M2—C24 2.030 (7) 2.009 (5) 2.006 (7) 2.04 (3) 2.005 (6) 2.015 (12) 
Rh4—C24 2.129 (6) 2.225 (5) 2.198 (7) 2.19 (2) 2.247 (6) 2.187 (15)  
Ir3—C35 2.128 (7) 2.113 (5) 2.092 (6) 2.09 (2) 2.120 (7) 2.113 (13) 
Ir5—C35 2.000 (7) 1.993 (5) 2.004 (6) 2.05 (2) 1.999 (6) 2.031 (14) 
M2—C21 1.992 (7) 1.971 (5) 1.981 (7) 1.93 (2) 1.974 (7) 1.981 (18) 
Ir3—C31 1.913 (7) 1.856 (5) 1.913 (8) 1.89 (2)  1.850 (7) 1.849 (15) 
Ir3—C32 1.859 (7) 1.908 (5) 1.839 (8) 1.90 (2) 1.907 (7) 1.894 (15) 
Ir5—P5 2.3090 (18) 2.3210 (12) 2.3196 (17) 2.315 (7) 2.3209 (16) 2.319 (4) 
Ir5—C52 1.847 (8) 1.850 (5) 1.858 (7) 1.90 (2) 1.842 (6) 1.845 (15) 
 
Alkyne reactions  
 
Scheme 4. Synthesis of Mo2RhIr2(µ4-η2-CC(COOMe)2)(µ-CO)4(CO)4(η5-C5H5)2(η5-
C5Me5) (3e). 
Reaction of diphenylacetylene with 3 proceeded in refluxing toluene 30 minutes, 
affording a major product 3d that were isolated by preparative TLC in 35% yield. ESI 
mass spectrum of the product is consistent with the formula Mo2RhIr2(PhC2Ph)2(CO)4(η5-
C5H5)2(η5-C5Me5), which is predicted to be isostructrual with Mo2Ir3(µ4-η2-PhC2Ph)(µ3-
CPh)2(CO)4(η5-C5H5)2(η5-C5Me5) due to their similar pattern of IR spectroscopy.7 
However, its instability in air precluded further characterizations. Analogous reaction 
with 4 in refluxing toluene 15 minutes did not provide any products after work-ups.  
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Reaction of C≡C(COOMe)2 with 3 in refluxing toluene 15 minutes afforded 
Mo2RhIr2(µ4-η2-CC(COOMe)2)(µ-CO)4(CO)4(η5-C5H5)2(η5-C5Me5) (3e) (Scheme 4), 
which was characterized by IR and 1H NMR spectroscopy, ESI MS and single-crystal X-
ray diffraction studies. The 1H NMR spectrum of 3e contains two resonances assigned to 
the molybdenum-bound cyclopentadienyl group at δ 5.04 and 4.85, one resonance at δ 
1.68 attributed to the rhodium-bound pentamethylcyclopentadienyl group, and one 
resonance at δ 3.75 assigned to two methyl groups of CC(COOMe)2. Intense ([M + H]+) 
and ([M + Na]+) peaks with the correct characteristic isotope patterns are seen at 1316 
and 1338 mass units in the ESI MS spectrum. Reaction of C≡C(COOMe)2 with 6’ in 
refluxing toluene for 15 minutes afforded W2RhIr2(µ4-η2-CC(COOMe)2)(CO)8(η5-
C5H5)2(η5-C5Me5) (6e) which is confirmed by ESI MS, showing a molecular ion at 1473 
with the correct characteristic isotope pattern. The IR spectroscopy of 6e has similar 
pattern with that of 3e, suggestive of isostructural clusters. However, its instability in air 
precluded further characterizations. 
 
Figure 4. ORTEP plot and atom numbering scheme for Mo2RhIr2(µ4-η2-
CC(COOMe)2)(µ-CO)4(CO)4(η5-C5H5)2(η5-C5Me5) (3e). Displacement ellipsoids are 
shown at the 40% probability level. Hydrogen atoms have been omitted for clarity. The 
thick bonds depict edge-bridged butterfly cluster core. Selected bond lengths (Å): 
Ir2−Mo1 2.7968(4), Ir3−Mo1 2.8137(5), Ir2−Ir3 2.6956(3), Ir2−Rh4 2.8096(4), Ir2−Mo5 
2.8295(4), Ir3−Mo5 2.8433(4), Rh4−Mo5 2.7181(5), Mo1−C12 1.976(5), Mo1−C13 
2.030(5), Ir2−C12 2.322(5), Ir2−C21 1.900(5), Ir2−C22 1.924 (5), Ir3−C13 2.169(5), 
Ir3−C31 1.904(5), Ir3−C32 1.908(5), Rh4−C451 2.056(5), Rh4−C452 1.995(5), 
Mo5−C452 2.116(5), Mo5−C451 2.084(5), Mo1−C65 2.332(5), Ir3−C65 2.096(5), 
Mo5−C65 2.261(5), Ir2−C66 2.125(4), Mo1−C66 2.291(4), Mo5−C66 2.310(5). 
The metal core of 3e adopts an edge-bridged butterfly geometry in which Mo−Mo bonds 
and one of the Ir−Rh bonds from the tbp precursor have been cleaved. The core bond 
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distances fall within the range of literature precedents. The alkyne ligand is coordinated 
in a µ4–η2 fashion oriented parallel to the Ir2−Ir3 vector. Each iridium atom is ligated by 
two terminal carbonyl ligands. Two bridging carbonyl ligands CO451 and CO452	  
symmetrically bridge Rh4−Mo5 vector. 3e possesses 80 CVE, consistent with the electron 
count (2 × 6 (Mo) + 2 × 9 (Ir) + 1 × 9 (Rh) + 8 × 2 (CO) + 2 × 5 (Cp) + 1 × 5 (Cp*) + 2 
× 4 (C) + 2 × 4 (COOMe)). Alternatively, one can view 3e as an edge-bridged octahedron 
(edge Ir2−Mo5, apices Mo1, Mo5, equatorial atoms Ir2, Ir3, C66, C65). The condensed 
polyhedra-predicted count for an edge-bridged octahedron fused via a triangular face (+ 
48 CVE) edged (− 34 CVE) to an octahedron (+ 86 CVE) with two main group atoms 
(−2 × 10 CVE) is 80.   
Variable-temperature NMR studies  
 
Figure 5. Variable-temperature 31P NMR spectroscopic study of 4a in toluene-d8 at 324 
MHz.  
 
Figure 6. Predicted isomers of W2RhIr2(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5Me5). 
We have previously reported that W2Ir2(µ-CO)3(CO)6(PPh3)(η5-C5H5)2 is a mixture of 
interconverting isomers in solution at room temperature that is resolvable at low 
temperature.15 All the phosphine-substituted clusters in the present studies showed a 
single resonance in the 1H NMR spectrum, indicating two symmetrically coordinated η5-
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cyclopentadienyl. A representative example 4a was studied by Variable-temperature 
NMR spectroscopy. Variable-temperature 31P NMR spectra of 4a are showed in Figure 
5. Two resonances at 24.5 and 16.9 ppm in the ratio 1:1 were observed at 193 K in 
toluene-d8. The coalescence (21.4 ppm) was seen on raising the temperature, consistent 
with a fluxional behavior of two interconverting isomers. The PPh3 ligand could be 
undergoing intramolecular site exchange with the carbonyl that ligated to the apical 
iridium atom as displayed in Figure 6, which is predicted based on the two possible chiral 
structures of the phosphine-substituted clusters in the present studies. The ratio 1:1 of two 
resonances at 193 K in the 31P NMR spectrum further proves that the two isomers have 
equivalent possibility.    
Electrochemical studies 
Table 2. Cyclic voltammetry data for 3-6, 3a-6a, 3b-6b, 3c-6c and 3e[a], and IR 
spectroscopic data for 3e following progressive oxidation. 
Compound 
Oxidations Reductions 
Ea (E1/2) [ΔE, ipc/ipa] Ec [ΔE, ipc/ipa] 
Mo2RhIr2(µ-CO)3(CO)6(η5-C5H5)2(η5-C5Me5) (3) 
0.58 [0.5], 0.78 [0.4], 1.20[b], 
1.44[b] 
-1.10[b] 
W2RhIr2(µ-CO)3(CO)6(η5-C5H5)2(η5-C5Me5) (4) 
0.56 [0.5], 0.79 [0.4], 1.25[b], 
1.38[b] 
-1.20[b] 
Mo2RhIr2(CO)9(η5-C5H5)2(η5-C5HMe4) (5 and 5’) 
0.58 [0.5], 0.76 [0.4], 1.24[b], 
1.40[b] -1.12
[b] 
W2RhIr2(µ-CO)3(CO)6(η5-C5H5)2(η5-C5HMe4) (6)  
0.61 [1], 0.87, 1.11[b], 1.23[b], 
1.45[b] -1.13
[b] 
W2RhIr2(µ-CO)4(CO)5(η5-C5H5)2(η5-C5HMe4) 
(6’) 
0.72 [0.5], 1.16[b], 1.42[b] -1.12[b] 
Mo2RhIr2(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-
C5Me5) (3a) 
0.44 [0.5], 0.73[0.3], 1.29[b], 
1.42[b] 
-1.30[b] 
Mo2RhIr2(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-
C5HMe4) (5a) 
0.49 [0.7], 0.76 [0.5], 1.28[b], 
1.38[b] 
-1.35[b] 
W2RhIr2(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-
C5Me5) (4a) 
0.41 [1], 0.65 [1], 1.29[b], 1.60[b] -1.36[b] 
W2RhIr2(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-
C5HMe4) (6a) 
0.43 [1], 0.67 [1], 1.26[b], 1.64[b] -1.35[b] 
Mo2RhIr2(µ-CO)4(CO)4P(C6H4Me-4)3(η5-
C5H5)2(η5-C5Me5) (3b) 
0.44 [0.6], 0.72 [0.5], 1.25[b], 
1.44[b] 
-1.38[b] 
Mo2RhIr2(µ-CO)4(CO)4P(C6H4Me-4)3(η5-
C5H5)2(η5-C5HMe4) (5b) 
0.46 [0.8], 0.73 [0.6], 1.27[b], 
1.42[b] 
 -1.36[b] 
W2RhIr2(µ-CO)4(CO)4P(C6H4Me-4)3(η5-
C5H5)2(η5-C5Me5) (4b) 
0.37 [1], 0.61 [1], 1.15[b], 1.31[b] -1.44[b] 
W2RhIr2(µ-CO)4(CO)4P(C6H4Me-4)3(η5-
C5H5)2(η5-C5HMe4) (6b) 
0.40 [1], 0.64 [1], 1.12[b], 1.29[b] -1.40[b] 
Mo2RhIr2(µ-CO)4(CO)4P(4-OMe-3,5-Me-
C6H2)3(η5-C5H5)2(η5-C5Me5) (3c) 
0.46 [0.7], 0.75 [0.6], 1.27[b] -1.34[b] 
Mo2RhIr2(µ-CO)4(CO)4P(4-OMe-3,5-Me-
C6H2)3(η5-C5H5)2(η5-C5HMe4) (5c) 
0.48 [0.8], 0.76 [0.7], 1.26[b] -1.31[b] 
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W2RhIr2(µ-CO)4(CO)4P(4-OMe-3,5-Me-
C6H2)3(η5-C5H5)2(η5-C5Me5) (4c) 
0.36 [1], 0.57 [1], 1.13[b] -1.44[b] 
W2RhIr2(µ-CO)4(CO)4P(4-OMe-3,5-Me-
C6H2)3(η5-C5H5)2(η5-C5HMe4) (6c) 
0.41 [1], 0.62 [1], 1.17[b] -1.41[b] 
Mo2RhIr2(µ-CC(COOMe)2)(µ-CO)4(CO)4(η5-
C5H5)2(η5-C5Me5) (3e) 
0.47 [1] -1.02 [0.9] 
[a] CH2Cl2, Ag/AgCl reference electrode, E1/2 for FcH/FcH+ process at 0.56 V. [b] Irreversible process, 
no measurable return peak.  
 ν(CO) (cm-1) 
4a 2004 (s), 1951 (s), 1774 (m, br), 1732 (m, br) 
[4a]+ 2076 (w), 2058 (w), 2019 (w), 2004 (s), 1951 (s), 1775 (m, br), 1731 (w, br) 
[4a]2+ 2059 (w), 2050 (w), 2020 (w), 2004 (w), 1995 (w), 1958 (s), 1771 (w, br) 
The electrochemical behavior of the new clusters was assessed by cyclic voltammetry. A 
representative scan of 4a is shown in Figure S7, and data from all clusters are collected 
in Table 2. For all the phosphine-substituted clusters (3a-6c), the oxidation behavior is 
more reversible than the reductive behavior. Those including tungsten atoms exhibit two 
fully reversible oxidation processes, while those including molybdenum atoms don’t. The 
potential of the reversible and quasi-reversible oxidations increases upon replacing 
tungsten by molybdenum, and replacing pentamethylcyclopentadienyl by 
tetramethylcyclopentadienyl due to the donor strength of the ligands. There is a cathodic 
shift in the oxidation and reduction potential comparing with their parent clusters due to 
electron donation from the phosphine ligands. All the phosphine-substituted clusters are 
more reversible than their parent clusters, which could be resulted from the metal-metal 
site exchange in the core. Because 6’ adopts the same metal core arrangement as all the 
phosphine-substituted clusters and has one reversible process in the oxidation behavior; 
on the contrary, no reversible processes are observed for 3, 4, mixture 5 and 5’, and 6. 
The electrochemical behavior of 3e shows one reversible oxidation and one quasi-
reversible reduction process, while 3 and its phosphine derivatives don’t have.  
Spectroelectrochemical studies  
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Figure 7. IR spectra of 4a (Eappl. = ca. +0.5 V, and then Eappl. = ca. +0.7 V) in CH2Cl2 with 
0.3 M (NBun4)(PF6) during exhaustive oxidation at 298 K. 
We have explored UV-Vis-NIR spectroelectrochemistry of Mo/W–Ir mixed metal 
clusters and found oxidation behavior of W2Ir2(CO)10(η5-C5H4Me)216 and W2Ir2(µ4-η2-
PhC2Me)(µ-CO)4(CO)4(η5-C5H4Me)217 were relatively featureless in corresponding 
spectral progressions, and the reduction process of MoIr4(µ3-η2-PhC2Ph)(µ-
CO)2(CO)6(η5-C5H5)(η5-C5Me5)7 showed subtle changes in the progressive electronic 
absorption. The IR spectroelectrochemical behavior of Mo2Ir2(µ-CO)3(CO)6(PPh3)(η5-
C5H5)2, Mo2Ir2(µ4-η2-HC2SiPri3)(µ-CO)4(CO)4(η5-C5H5)2 and MoIr3(µ4-η2-
HC2SiMe3)(µ-CO)3(CO)4(PPh3)2(η5-C5H5) were also investigated. The oxidation of them 
displayed progressive disappearance of the bridging carbonyl, accompanied by the 
appearance of higher-energy terminal carbonyl bands,.18 In the present studies, the 
reversible two-electron oxidation processes of 4a has therefore been examined by IR 
spectroelectrochemistry, which is expected to show structural variation in different 
oxidation states. The IR spectrum of the first one-electron oxidation product of 4a, 
obtained upon application of a +0.50 V potential, shows a progressive appearance of 
higher-energy terminal carbonyl bands [ν(CO) 2076-2019 cm-1]. The second oxidation 
product [4a]2+, seen when a potential of 0.75 V was applied, shows a spectral pattern 
completely different from that of the resting state of 4a, with a progressive disappearance 
of the bridging carbonyl ligands and appearance of terminal carbonyl ligands, suggestive 
of a significant structural change. 
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Discussion  
Our earlier investigations on the reaction of tetrahedral clusters M2Ir2(CO)10(η5-C5H5)2 
(M = Mo, 1; M = W, 2) with capping reagents Ir(CO)2(η5-C5Me4R) (R = H, Me) afforded 
pentanuclear clusters M2Ir3(µ-CO)3(CO)6(η5-C5H5)2(η5-C5Me4R) (M = Mo, R = Me 9a; 
M = W, R = Me 9b; M = Mo, R = H 9c; M = W, R = H 9d) possessing tbp geometry with 
one group 6 atom sitting at an apical site, and the other group 6 atom at an equatorial site 
of the tbp, and pentanuclear cluster W2Ir3(µ-CO)4(CO)5(η5-C5H5)2(η5-C5HMe4) (10) with 
both tungsten atoms are located at equatorial site of the tbp.7 In the present studies, all the 
penta-nuclear clusters obtained from reactions of Rh(CO)2(η5-C5Me4R) (R = H, Me) with 
1 or 2 possess tbp geometry, and are EAN-precise (72 CVE) for M5 clusters possessing 
nine M−M bonds, which are the same as their analogues 9a-9d. However, the disposition 
of the three bridging carbonyl ligand in clusters 3, 4, 5 and 6 demonstrated diversity of 
coordination modes spanning to different metals. In addition, hexanuclear clusters (7a 
and 7b) were obtained from reactions with Rh(CO)2(η5-C5HMe4) capping reagent, while 
no hexanuclear clusters were detected by reactions with iridium capping reagents. And 
the reactions of rhodium capping reagents were carried out in refluxing CH2Cl2, while 
the reactions of iridium capping reagents have to proceed in refluxing toluene. Notably, 
dynamic permutational isomerism in tbp core was observed between 6 and 6’. Overall, 
the 4d Rh is more reactive and robust than the 4d Ir.  
The phosphine and alkyne chemistry of carbonyl clusters is of fundamental importance. 
Phosphines are the representative of two-electron ligands, and are feasible for substituting 
carbonyl ligands of carbonyl clusters. Alkynes have been utilized to probe C–C cleavage 
and formation processes relevant to catalytic transformations like Fischer–Tropsch. 
Reactions of PPh3 with 9a–9d afforded M2Ir3(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-
C5Me4R) (M = Mo, R = Me 11a; M = W, R = Me 11b; M = Mo, R = H 11c; M = W, R = 
H 11d) with similar structure as phosphine-substituted clusters in this work. 1H NMR 
spectra of tungsten-containing clusters 11b and 11d possess two resonances for two η5-
cyclopentadienyl, consistent with the solid-state structure; those of the molybdenum-
containing clusters 11a and 11c have only one resonance, suggestive of enhanced ligand 
fluxionality of the 4d Mo clusters. Nonetheless, 1H NMR spectra of phosphine-substituted 
clusters in the present studies all possess a single resonance for two η5-C5H5, indicating 
that the replacement of 5d Ir by 4d Rh enhanced the ligand fluxionality. The single 
resonance in the 31P NMR spectrum move downfield on proceeding phosphine ligands 
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from P(4-OMe-3,5-Me-C6H2)3, P(C6H4Me-4)3 to PPh3, and from co-ligand η5-C5Me5 to 
η5-C5Me4H, and replacing tungsten with molybdenum, consistent with a decrease in the 
cluster core electron richness. The phosphine-substituted clusters in the present studies 
resulted from effective site-exchange of the precursors’ apical Mo/W with an equatorial 
Ir, which are similar to our previous reported 11a–11d.  
Reaction of 9a with PhC≡CPh in refluxing toluene afforded Mo2Ir3(µ4-η2-PhC2Ph)(µ3-
CPh)2(CO)4(η5-C5H5)2(η5-C5Me5) (12a).7 The metal core of 12a adopts a distorted 
square-based pyramidal geometry in which one of the equatorial Ir–Ir bonds from the tbp 
precursor has been cleaved. An isostructural compound 3d was obtained by reacting 3 
with PhC≡CPh in refluxing toluene. However, the decomposition of 3d in air precluded 
further characterizations. Reaction of 3 with C≡C(COOMe)2 in refluxing toluene afforded 
3e with an edge-bridged butterfly core. The insertion of alkyne into the cluster resulted 
in cleavage of Mo–Mo bond and one of the Ir–Rh bonds, and formation of a µ4-η2 
coordination mode. Similarly, 1 reacted with internal and terminal alkynes to give 
butterfly clusters Mo2Ir2(µ4-η2-RC2R′)(µ-CO)4(CO)4(η5-C5H5)2 with insertion of alkynes 
and Mo–Mo cleavage.19  
The work can be related to homorhodium clusters. The few extant pentarhodium clusters 
all possess tbp core.20 [Rh5(CO)10(µ-CO)5]-  anion is an example of tpb cluster with 76 
CVE. [Rh5(CO)10(µ-CO)5]- was synthesized from [Rh12(CO)30]2-  anion and [Rh6(CO)15]2-  
anion in THF in the presence of CO, and the reaction went backwards under nitrogen 
resulting in slow decomposition. On the contrary, the tbp clusters in present studies are 
stable and easy to handle, and all possess 72 CVE that is EAN-precise for M5 clusters 
possessing nine M−M bonds. The phosphine-ligated pentarhodium cluster [Rh5(CO)8(µ-
CO)6(PPh3)]- formed by [Rh5(CO)10(µ-CO)5]-  anion with PPh3 in THF, addition of excess 
PPh3 led to further substitution.20d [Rh5(CO)8(µ-CO)6(PPh3)]- maintained its original 
metal core and 76 CVE, but the disposition of bridging carbonyls varied. In the present 
studies, the phosphine substitution reactions are in a clean fashion, only providing mono-
substituted clusters, no further substitution was observed.  
Variable-temperature 31P NMR spectra of 4a revealed that two equivalent isomers are 
dynamically interconverting in solution. Electrochemical studies of 3, 4, mixture 5 and 
5’, 6, 6’ demonstrated both oxidation and reduction is accessible (with respect to the 
resting state). Introduction of phosphine ligands results in an increased ease of oxidation 
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and increased difficulty in reduction, likewise for 11a–11d. Incorporation of these ligands 
therefore is of importance in tuning the electron richness at the cluster. The IR 
spectroelectrochemical studies of 4a displayed that the oxidation state [4a]2+ strongly 
suggested structural rearrangements with appearance of higher energy terminal carbonyl 
ligands within the cluster.  
Conclusion  
The present studies have demonstrated feasible access to systematic synthesis of more-
mixed-metal clusters of molybdenum/tungsten-iridium-rhodium, and their reactivity 
toward phosphine and alkynes. Previously reported M2Ir3(µ-CO)3(CO)6(η5-C5H5)2(η5-
C5Me4R) and M2Ir3(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5Me4R) (M = Mo, W; R = H, 
Me) have displayed their similarity in structure and reactivity with the present studies, 
but the replacement of 5d Ir with 4d Rh to the clusters enhanced the reactivity and 
diversity. The varied phosphine ligands from P(4-OMe-3,5-Me-C6H2)3, P(C6H4Me-4)3 to 
PPh3 have no impact on the formation of the phosphine-substituted structures. 
Mo2RhIr2(µ4-η2-CC(COOMe)2)(µ-CO)4(CO)4(η5-C5H5)2(η5-C5Me5) with an edge-
bridged butterfly core geometry resulted from its parent cluster with cleavage of Mo–Mo 
bond and one of Rh–Ir bonds and formation of a µ4-η2 coordination mode.  
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Synthesis, structures and reactivity of molybdenum/tungsten-
rhodium-iridium clusters by core expansion of tetranuclear clusters 
M2Ir2(CO)10(η5-C5H5)2 (M = Mo, W) with Rh(CO)2(η5-C5Me4R)2 
(R = H, Me)  
 
Supporting information 
 
Experimental section  
Synthesis 
Reaction of mixture 5 and 5’ with Rh(CO)2(η5-C5Me5). Rh(CO)2(η5-C5Me5) (4.8 mg, 
16.3 µmol) was added to a black solution of mixture 5 and 5’ (7.1 mg, 5.9 µmol) in CH2Cl2 
(20 mL) and the resultant solution was heated at reflux for two days. The reaction was 
monitored by IR spectroscopy and TLC plates, and no reaction happened after two days 
except the decomposition of Rh(CO)2(η5-C5Me5). 
Reaction of 6’ with Rh(CO)2(η5-C5Me5). Rh(CO)2(η5-C5Me5) (5.9 mg, 20.0 µmol) was 
added to a red solution of 6’ (9.9 mg, 7.3 µmol) in CH2Cl2 (20 mL) and the resultant 
solution was heated at reflux for two days. The reaction was monitored by IR 
spectroscopy and TLC plates, and no reaction happened after two days except the 
decomposition of Rh(CO)2(η5-C5Me5) and isomerization of 6’.  
Reaction of mixture 5 and 5’ with Rh(CO)2(η5-C5Me4H). Rh(CO)2(η5-C5HMe4) (3.8 
mg, 13.6 µmol) was added to a black solution of mixture 5 and 5’ (6.9 mg, 5.7 µmol) in 
CH2Cl2 (15 mL) and the resultant solution was heated at reflux for two days. The reaction 
was monitored by IR spectroscopy and TLC plates, and no reaction happened after two 
days except the decomposition of Rh(CO)2(η5-C5Me4H). 
Synthesis of W2RhIr2(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5Me5) (4a). PPh3 (4.1 mg, 
15.6 µmol) was added to a black solution of 4 (6.8 mg, 4.9 µmol) in THF (25 mL) and 
the resultant mixture was heated at reflux for 14 h. The solution was taken to dryness in 
vacuo, and the crude residue dissolved in the minimum amount of CH2Cl2 and applied to 
a silica preparative TLC plate. Elution with CH2Cl2/petrol (4:1) afforded two bands. The 
contents of the first band (Rf = 0.49, black) were in trace amounts and consequently were 
not isolated. The contents of the second band (Rf = 0.24, dark red) were extracted with 
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CH2Cl2 and reduced in volume to afford a dark red solid identified as 4a (4.2 mg, 2.6 
µmol, 53%). IR (CH2Cl2): ν(CO) 2005 s, 1952 s, 1885 br, 1776 br, 1733 br cm-1. 1H NMR 
(CDCl3): δ 7.31-7.51 (m, 15H, 3C6H5), 4.94 (s, 10H, 2×C5H5), 1.55 (s, 15H, C5Me5). 31P 
NMR (CDCl3): δ 20.5 (s, P, PPh3). MS (ESI): calculated C46H40Ir2O8PRhW2, 1607.9794 
([M]+); found 1607.9821 ([M]+, 90). Analysis calculated for C46H40Ir2O8PRhW2: C 34.38, 
H 2.50%: found C 34.58, H 2.61%. 
Synthesis of Mo2RhIr2(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5HMe4) (5a). PPh3 (3.6 
mg, 13.7 µmol) was added to a black solution of mixture of 5 and 5’ (9.6 mg, 8.1 µmol) 
in THF (30 mL) and the resultant mixture was heated at reflux for 15 h. The solution was 
taken to dryness in vacuo, and the crude residue dissolved in the minimum amount of 
CH2Cl2 and applied to a silica preparative TLC plate. Elution with CH2Cl2/petrol (9:1) 
afforded two bands. The contents of the first band (Rf = 0.8, black) were extracted with 
CH2Cl2 and reduced in volume to afford a black solid identified as unreacted mixture of 
5 and 5’ (1.2 mg, 1.0 µmol, 12%). The contents of the second band (Rf = 0.5, dark red) 
were extracted with CH2Cl2 and reduced in volume to afford a dark red solid identified 
as 5a (6.3 mg, 4.4 µmol, 55%). IR (CH2Cl2): ν(CO) 2006 s, 1960 s, 1883 w, 1774 m, 
1716 br cm-1. 1H NMR (CDCl3): δ 7.39-7.58 (m, 15H, 3C6H5), 5.70 (s, H, C5HMe4), 4.86 
(s, 10H, 2×C5H5), 1.60 (s, 12H, C5HMe4). 31P NMR (CDCl3): δ 23.9 (s, P, PPh3). MS 
(ESI): calculated C45H39Ir2Mo2O8PRh, 1422.8805 ([M + H]+); found 1422.8790 ([M + 
H]+, 5). Analysis calculated for C45H38Ir2Mo2O8PRh: C 38.14, H 2.70%: found C 38.20, 
H 2.77%. 
Synthesis of W2RhIr2(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5HMe4) (6a). PPh3 (7.5 mg, 
28.6 µmol) was added to a dark green solution of 6 (15.5 mg, 11.4 µmol) in THF (25 mL) 
and the mixture was heated at reflux for 14 h. The resultant solution was taken to dryness 
in vacuo, and the crude residue dissolved in the minimum amount of CH2Cl2 and applied 
to a silica preparative TLC plate. Elution with CH2Cl2/petrol (9:1) afforded one band. The 
contents of the band (Rf = 0.5, red) were extracted with CH2Cl2 and reduced in volume 
to afford a dark red solid identified as W2RhIr2(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-
C5HMe4) (6a) (14.7 mg, 9.23 µmol, 81%). IR (CH2Cl2): ν(CO) 2004 s, 1952 s, 1885 w, 
1776 br, 1732 br cm-1. 1H NMR (CDCl3): δ 7.39-7.54 (m, 15H, 3C6H5), 5.39 (s, H, 
C5HMe4), 4.97 (s, 10H, 2C5H5), 1.67 (s, 12H, C5HMe4). 31P NMR (CDCl3): δ 20.9 (s, P, 
PPh3). MS (ESI): calculated C45H38Ir2O8PRhW2, 1593.9637 ([M]+); found 1593.9666 
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([M]+, 12). Analysis calculated for C45H38Ir2O8PRhW2: C 33.93, H 2.40%; found C 34.10, 
H 2.58%. 
Synthesis of Mo2RhIr2(µ-CO)4(CO)4P(C6H4Me-4)3(η5-C5H5)2(η5-C5Me5) (3b). 
P(C6H4Me-4)3 (6.2 mg, 20.4 µmol) was added to a black solution of 3 (14.0 mg, 11.6 
µmol)  in THF (25 mL) and the resultant mixture was heated at reflux for 15 h. The 
solution was taken to dryness in vacuo, and the crude residue dissolved in the minimum 
amount of CH2Cl2 and applied to a silica preparative TLC plate. Elution with 
CH2Cl2/petrol (3:1) afforded two bands. The contents of the first band (Rf = 0.8, black) 
were in trace amounts and consequently were not isolated. The contents of the second 
band (Rf = 0.6, purple) were extracted with CH2Cl2 and reduced in volume to afford a 
dark purple solid identified as 3b (11.8 mg, 8.0 µmol, 69%). IR (CH2Cl2): ν(CO) 2005 s, 
1959 s, 1884 w, 1771 m, 1713 br cm-1. 1H NMR (CDCl3): δ 7.17-7.44 (m, 12H, 3C6H4), 
4.84 (s, 10H, 2×C5H5), 2.38 (s, 9H, 3×CH3), 1.59 (s, 15H, C5Me5). 31P NMR (CDCl3): δ 
21.4 (s, P, P(C6H4Me-4)3). MS (ESI): calculated C49H46Ir2Mo2O8PRh, 1477.9352 ([M]+); 
found, 1477.9352 ([M]+, 20); calculated C49H46Ir2Mo2NaO8PRh, 1500.9250 ([M + Na]+); 
found, 1500.9259 ([M + Na]+, 15). Analysis calculated for C49H46Ir2Mo2O8PRh: C 39.95, 
H 3.15%: found C 40.02, H 3.18%.	  
Synthesis of W2RhIr2(µ-CO)4(CO)4P(C6H4Me-4)3(η5-C5H5)2(η5-C5Me5) (4b). 
P(C6H4Me-4)3 (5.3 mg, 17.4 µmol) was added to a black solution of 4 (16.0 mg, 11.6 
µmol) in THF (25 mL) and the resultant mixture was heated at reflux for 16 h. The 
solution was taken to dryness in vacuo, and the crude residue dissolved in the minimum 
amount of CH2Cl2 and applied to a silica preparative TLC plate. Elution with 
CH2Cl2/petrol (3:1) afforded two bands. The contents of the first band (Rf = 0.8, black) 
were extracted with CH2Cl2 and reduced in volume to afford a black solid identified as 
unreacted 4 (2.0 mg, 1.45 µmol, 12%). The contents of the second band (Rf = 0.6, purple) 
were extracted with CH2Cl2 and reduced in volume to afford a dark purple solid identified 
as 4b (13.5 mg, 8.2 µmol, 71%). IR (CH2Cl2): ν(CO) 2004 s, 1950 s, 1888 w, 1774 m, 
1729 m cm-1. 1H NMR (CDCl3): δ 7.18-7.36 (m, 12H, 3×C6H4), 4.93 (s, 10H, 2×C5H5), 
2.37 (s, 9H, 3CH3), 1.64 (s, 15H, C5Me5). 31P NMR (CDCl3): δ 18.1 (s, P, P(C6H4Me-
4)3). MS (ESI): calculated C49H47Ir2O8PRhW2, 1651.0342 ([M + H]+); found, 1651.0338 
([M + H]+, 60); calculated C49H46Ir2NaO8PRhW2, 1673.0161 ([M + Na]+); found, 
1673.0168 ([M + Na]+, 20). Analysis calculated for C49H46Ir2O8PRhW2: C 35.59, H 2.81 
%: found C 35.73, H 2.86 %. 
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Synthesis of Mo2RhIr2(µ-CO)4(CO)4P(C6H4Me-4)3(η5-C5H5)2(η5-C5HMe4) (5b). 
P(C6H4Me-4)3 (3.8 mg, 12.5 µmol) was added to a black solution of mixture of 5 and 5’  
(13.0 mg, 10.9 µmol) in THF (25 mL) and the resultant mixture was heated at reflux for 
15 h. The solution was taken to dryness in vacuo, and the crude residue dissolved in the 
minimum amount of CH2Cl2 and applied to a silica preparative TLC plate. Elution with 
CH2Cl2/petrol (4:1) afforded two bands. The contents of the first band (Rf = 0.7, black) 
were in trace amounts and consequently were not isolated. The contents of the second 
band (Rf = 0.5, purple) were extracted with CH2Cl2 and reduced in volume to afford a 
purple solid identified as 5b (10.8 mg, 7.4 µmol, 68%). IR (CH2Cl2): ν(CO) 2004 s, 1958 
s, 1876 w, 1772 m, 1723 br cm-1. 1H NMR (CDCl3): δ 7.18-7.44 (m, 12H, 3×C6H4), 5.64 
(s, H, C5HMe4), 4.87 (s, 10H, 2×C5H5), 2.38 (s, 9H, 3CH3), 1.59 (s, 12H, C5HMe4). 31P 
NMR (CDCl3): δ 21.9 (s, P, P(C6H4Me-4)3). MS (ESI): calculated C48H44Ir2Mo2O8PRh, 
1463.9196 ([M]+); found, 1463.9205 ([M]+, 8). Analysis calculated for 
C48H44Ir2Mo2O8PRh: C 39.51, H 3.03 %: found C 39.62, H 3.12 %.	  
Synthesis of W2RhIr2(µ-CO)4(CO)4P(C6H4Me-4)3(η5-C5H5)2(η5-C5HMe4) (6b). 
P(C6H4Me-4)3 (3.9 mg, 12.8 µmol) was added to a dark green solution of 6 (9.5 mg, 7.0 
µmol) in THF (25 mL) and the resultant mixture was heated at reflux for 16 h. The 
solution was taken to dryness in vacuo, and the crude residue dissolved in the minimum 
amount of CH2Cl2 and applied to a silica preparative TLC plate. Elution with 
CH2Cl2/petrol (3:1) afforded one band. The contents of the band (Rf = 0.7, purple) were 
extracted with CH2Cl2 and reduced in volume to afford a dark purple solid identified as 
6b (8.9 mg, 5.4 µmol, 78%). IR (CH2Cl2): ν(CO) 2003 s, 1952 s, 1888 w, 1776 br, 1729 
br cm-1. 1H NMR (CDCl3): δ 7.19-7.41 (m, 12H, 3×C6H4), 5.34 (s, H, C5HMe4), 4.95 (s, 
10H, 2×C5H5), 2.38 (s, 9H, 3CH3), 1.60 (s, 12H, C5Me4H). 31P NMR (CDCl3): δ 18.8 (br, 
P(C6H4Me-4)3). MS (ESI): calculated C48H44Ir2O8PRhW2, 1636.0101 ([M]+); found, 
1636.0107 ([M]+). Analysis calculated for C48H44Ir2O8PRhW2: C 35.26, H 2.71 %: found 
C 35.37, H 2.74 %. 
Synthesis of Mo2RhIr2(µ-CO)4(CO)4P(4-OMe-3,5-Me-C6H2)3(η5-C5H5)2(η5-C5Me5) 
(3c). P(4-OMe-3,5-Me-C6H2)3 (5.3 mg, 12.1 µmol) was added to a black solution of 3 
(9.5 mg, 7.9 µmol) in THF (25 mL) and the resultant mixture was heated at reflux for 16 
h. The solution was taken to dryness in vacuo, and the crude residue dissolved in the 
minimum amount of CH2Cl2 and applied to a silica preparative TLC plate. Elution with 
CH2Cl2/petrol (3:1) afforded two bands. The contents of the first band (Rf = 0.8, black) 
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were extracted with CH2Cl2 and reduced in volume to afford a black solid identified as 
unreacted 3 (1.1 mg, 0.9 µmol, 11%). The contents of the second band (Rf = 0.6, brown) 
were extracted with CH2Cl2 and reduced in volume to afford a brown solid identified as 
3c (8.9 mg, 8.0 µmol, 70%). IR (CH2Cl2): ν(CO) 2005 s, 1962 s, 1884 w, 1778 w, 1710 
br cm-1. 1H NMR (CDCl3): δ 7.16-7.19 (m, 6H, 3×C6H2), 4.83 (s, 10H, 2×C5H5), 3.72 (s, 
9H, 3×OMe3), 2.24 (s, 18H, 6×CH3), 1.58 (s, 15H, C5Me5). 31P NMR (CDCl3): δ 19.9 (s, 
P, P(4-OMe-3,5-Me-C6H2)3). MS (ESI): calculated C55H59Ir2Mo2O11PRh, 1611.0217 ([M 
+ H]+); found 1611.0186 ([M + H]+, 10). Analysis calculated for C55H58Ir2Mo2O11PRh: 
C 41.15, H 3.64%: found C 40.95, H 3.80 %. 
Synthesis of W2RhIr2(µ-CO)4(CO)4P(4-OMe-3,5-Me-C6H2)3(η5-C5H5)2(η5-C5Me5) 
(4c). P(4-OMe-3,5-Me-C6H2)3 (6.3 mg, 14.4 µmol) was added to a black solution of 4 
(9.8 mg, 7.1 µmol) in THF (25 mL) and the resultant mixture was heated at reflux for 16 
h. The solution was taken to dryness in vacuo, and the crude residue dissolved in the 
minimum amount of CH2Cl2 and applied to a silica preparative TLC plate. Elution with 
CH2Cl2/petrol (2:1) afforded two bands. The contents of the first (Rf = 0.4, black) band 
were extracted with CH2Cl2 and reduced in volume to afford a black solid identified as 
unreacted 4 (1.8 mg, 1.3 µmol, 16%). The contents of the second band (Rf = 0.2, brown) 
were extracted with CH2Cl2 and reduced in volume to afford a brown solid identified as 
4c (9.4 mg, 5.3 µmol, 74%). IR (CH2Cl2): ν(CO) 2004 s, 1952 s, 1887 w, 1782 br, 1729 
br cm-1. 1H NMR (CDCl3): δ 7.10-7.20 (m, 6H, 3×C6H2), 4.92 (s, 10H, 2×C5H5), 3.73 (s, 
9H, 3×OMe3), 2.24 (s, 18H, 6×CH3), 1.64 (s, 15H, C5Me5). 31P NMR (CDCl3): δ 17.4 (s, 
P, P(4-OMe-3,5-Me-C6H2)3). MS (ESI): calculated C55H59Ir2O11PRhW2, 1783.1128 ([M 
+ H]+); found 1783.1127 ([M + H]+, 3); calculated C55H58Ir2NaO11PRhW2, 1805.0947 
([M + Na]+); found 1805.0967 ([M + Na]+, 5). Analysis calculated for 
C55H58Ir2O11PRhW2: C 37.09, H 3.28 %: found C 37.14, H 3.35 %. 
Synthesis of Mo2RhIr2(µ-CO)4(CO)4P(4-OMe-3,5-Me-C6H2)3(η5-C5H5)2(η5-
C5HMe4) (5c). P(4-OMe-3,5-Me-C6H2)3 (4.6 mg, 10.5 µmol) was added to a black 
solution of mixture of 5 and 5’ (8.2 mg, 6.9 µmol) in THF (25 mL) and the resultant 
mixture was heated at reflux for 16 h. The solution was taken to dryness in vacuo, and 
the crude residue dissolved in the minimum amount of CH2Cl2 and applied to a silica 
preparative TLC plate. Elution with CH2Cl2/petrol (4:1) afforded two bands. The contents 
of the first band (Rf = 0.6, black) were extracted with CH2Cl2 and reduced in volume to 
afford a black solid identified as unreacted mixture of 5 and 5’ (1.4 mg, 1.2 µmol, 9%). 
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The contents of the second band (Rf = 0.4, brown) were extracted with CH2Cl2 and 
reduced in volume to afford a brown solid identified as 5c (8.2 mg, 5.3 µmol, 77%). IR 
(CH2Cl2): ν(CO) 2004 s, 1960 s, 1886w, 1775 w, 1711 br cm-1. 1H NMR (CDCl3): δ 7.17-
7.21 (m, 6H, 3C6H2), 5.66 (s, H, C5HMe4), 4.87 (s, 10H, 2×C5H5), 3.73 (s, 9H, 3×OMe3), 
2.25 (s, 18H, 6×CH3), 1.58 (s, 12H, C5HMe4). 31P NMR (CDCl3): δ 20.3 (s, P, P(4-OMe-
3,5-Me-C6H2)3). MS (ESI): calculated C54H57Ir2Mo2O11PRh, 1597.0060 ([M + H]+); 
found 1597.0060 ([M + H]+, 80). Analysis calculated for C54H56Ir2Mo2O11PRh: C 40.76, 
H 3.54%: found C 40.81, H 3.59 %. 
Synthesis of W2RhIr2(µ-CO)4(CO)4P(4-OMe-3,5-Me-C6H2)3(η5-C5H5)2(η5-C5HMe4) 
(6c). P(4-OMe-3,5-Me-C6H2)3 (4.7 mg, 10.7 µmol) was added to a dark green solution of 
6 (9.2 mg, 6.8 µmol)  in THF (25 mL) and the resultant mixture was heated at reflux for 
16 h. The solution was taken to dryness in vacuo, and the crude residue dissolved in the 
minimum amount of CH2Cl2 and applied to a silica preparative TLC plate. Elution with 
CH2Cl2/petrol (4:1) afforded two bands. The contents of the first band (Rf = 0.7, dark 
green) were in trace amounts and consequently were not isolated.  The contents of the 
second band (Rf = 0.5, brown) were extracted with CH2Cl2 and reduced in volume to 
afford a brown solid identified as 6c (11.8 mg, 7.70 µmol, 57%). IR (CH2Cl2): ν(CO) 
2003 s, 1968 s, 1885 w, 1788 w, 1716 br cm-1. 1H NMR (CDCl3): δ 7.12-7.17 (m, 6H, 
3C6H2), 5.44 (s, H, C5HMe4), 4.97 (s, 10H, 2×C5H5), 3.74 (s, 9H, 3×OMe3), 2.24 (s, 18H, 
6×CH3), 1.68 (s, 12H, C5HMe4). 31P NMR (CDCl3): δ 18.5 (s, P, P(4-OMe-3,5-Me-
C6H2)3). MS (ESI): calculated C54H56Ir2O11PW2Rh, 1768.0893 ([M]+); found 1768.0916 
([M]+). Analysis calculated for C54H56Ir2O11PW2Rh: C 36.70, H 3.19 %: found C 36.83, 
H 3.23 %. 
Synthesis of Mo2RhIr2(PhC2Ph)2(CO)4(η5-C5H5)2(η5-C5Me5) (3d). Diphenylacetlyene 
(3.8 mg, 21.3 µmol) was added to a black solution of 3 (10.2 mg, 8.49 µmol) in toluene 
(10 mL) and the resultant mixture was heated at reflux for 30 minutes. The solution was 
taken to dryness in vacuo, and the crude residue dissolved in the minimum amount of 
CH2Cl2 and applied to a silica preparative TLC plate. Elution with CH2Cl2/petrol (4:1) 
afforded four bands. The contents of the first band (Rf = 0.7, green), the third band (Rf = 
0.3, brown) and the fourth band (Rf = 0.2, brown) were in trace amounts and consequently 
were not isolated. The content of the second band (Rf = 0.4, blue) were extracted with 
CH2Cl2 and reduced in volume to afford a dark blue solid identified as 
Mo2RhIr2(PhC2Ph)2(CO)4(η5-C5H5)2(η5-C5Me5) (3d) (4.2 mg, 2.9 µmol, 35%). IR 
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(CH2Cl2): ν(CO) 1995 vs, 1938 s, cm-1. MS (ESI): calculated C52H45Ir2Mo2O4Rh, 
1417.9740 ([M]+); found 1417.9786 ([M]+). Decomposition in air precludes other 
characterizations.   
Reaction of 3 with diphenylacetylene in dichloromethane. Reaction of 
diphenylacetlyene (3.4 mg, 19.1 µmol) and 3 (4.2 mg, 8.5 µmol) in refluxing CH2Cl2 (10 
mL) was carried out and monitored by IR spectroscopy and TLC plates. No reaction was 
detected after two days.   
Reaction of 3 with diphenylacetylene in THF. Reaction of diphenylacetlyene (2.9 mg, 
16.3 µmol) and 3 (4.0 mg, 3.3 µmol) and in refluxing THF (10 mL) was carried out and 
monitored by IR spectroscopy and TLC plates. No reaction was detected after two days.  
Reaction of 4 with diphenylacetylene in toluene. Diphenylacetlyene (3.1 mg, 17.4 
µmol) was added to a black solution of 4 (10.2 mg, 8.5 µmol) in toluene (10 mL) and the 
resultant mixture was heated at reflux for 15 minutes. The solution was taken to dryness 
in vacuo, and the crude residue dissolved in the minimum amount of CH2Cl2 and applied 
to a silica preparative TLC plate. Elution with CH2Cl2 afforded only base bands, and no 
starting materials were recovered.  
Reaction of 4 with diphenylacetylene in THF. Reaction of diphenylacetlyene (1.8 mg, 
10.1 µmol) and 4 (3.8 mg, 2.8 µmol) and in refluxing THF (5 mL) was carried out and 
monitored by IR spectroscopy and TLC plates. No reaction was detected after two days.   
Reaction of 6’ with dimethyl acetylenedicarboxylate in toluene. Dimethyl 
acetylenedicarboxylate (0.1 mL, 81.7 µmol) was added to a black solution of 6 (14.2 mg, 
10.4 µmol) in toluene (15 mL) and the resultant mixture was heated at reflux for 15 
minutes. The solution was taken to dryness in vacuo, and the crude residue dissolved in 
the minimum amount of CH2Cl2 and applied to a silica preparative TLC plate. Elution 
with CH2Cl2 afforded three bands. The contents of the first band (Rf = 0.7, black) and the 
second band (Rf = 0.6, red) were in trace amounts and consequently were not isolated. 
The content of the third band (Rf = 0.3, brown) were extracted with CH2Cl2 and reduced 
in volume to afford a brown solid identified as W2RhIr2(µ-CC(COOMe)2)(µ-
CO)4(CO)4(η5-C5H5)2(η5-C5Me4H) (6e) (1.3 mg, 0.9 µmol, 8%). IR (CH2Cl2): ν(CO) 
2070 w, 2047 vs, 2020 m, 1999 w, 1970 w, 1829 m, 1782 w, 1743 br s cm-1. MS (ESI): 
calculated C33H29Ir2O12RhW2, 1473.8992 ([M]+); found 1473.8995 ([M]+). 
Decomposition in air precludes other characterizations.   
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Figure S1. Calculated (top) and experimental ESI MS (bottom) molecular ion for 
W2RhIr2(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5Me5) (4a). 
 
Figure S2. ORTEP plot and atom numbering scheme for Mo2RhIr2(µ-
CO)4(CO)4P(C6H4Me-4)3(η5-C5H5)2(η5-C5Me5) (3b). Displacement ellipsoids are shown 
at the 40% probability level. Hydrogen atoms have been omitted for clarity. 
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Figure S3. ORTEP plot and atom numbering scheme for Mo2RhIr2(µ-CO)4(CO)4P(4-
OMe-3,5-Me-C6H2)3(η5-C5H5)2(η5-C5Me5) (3c). Displacement ellipsoids are shown at the 
40% probability level. Hydrogen atoms have been omitted for clarity. 
 
Figure S4. ORTEP plot and atom numbering scheme for W2RhIr2(µ-
CO)4(CO)4(PPh3)(η5-C5H5)2(η5-C5Me5) (4a). Displacement ellipsoids are shown at the 
40% probability level. Hydrogen atoms have been omitted for clarity. 
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Figure S5. ORTEP plot and atom numbering scheme for W2RhIr2(µ-
CO)4(CO)4P(C6H4Me-4)3(η5-C5H5)2(η5-C5Me5) (4b). Displacement ellipsoids are shown 
at the 40% probability level. Hydrogen atoms have been omitted for clarity. 
 
Figure S6. ORTEP plot and atom numbering scheme for Mo2RhIr2(µ-
CO)4(CO)4P(C6H4Me-4)3(η5-C5H5)2(η5-C5HMe4) (5b). Displacement ellipsoids are 
shown at the 40% probability level. Hydrogen atoms have been omitted for clarity. 
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Figure S7.  Cyclic voltammogram of W2RhIr2(µ-CO)4(CO)4(PPh3)(η5-C5H5)2(η5-
C5Me5) (4a) at room temperature in CH2Cl2, using the ferrocene/ferrocenium redox 
couple at 0.56 V as an internal standard. 
 
 
 
 
Figure S8. Variable-temperature 1H NMR spectroscopic study of 4a in toluene-d8 at 162 
MHz.  
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Table S1. Crystal data for 3, 4, 3a, 3b.CH3OH, 3c. 
 3 4 3a 3b.CH3OH 3c 
Formula C29H25Ir2Mo2O
9Rh 
C29H25Ir2O9Rh
W2 
C46Ir2Mo2O8PR
h 
Mo2C50H50Ir2O
9PRh 
C55Ir2Mo2O11P
Rh 
FW 1196.74 1373.88 1390.68 1505.13 1546.7917 
Crystal system Monoclinic Monoclinic Triclinic Monoclinic Triclinic 
Space group P21/c P21/n P1 P21/n P1 
a (Å) 17.5255(3) 10.107(2) 9.889(2) 11.561(2) 9.947(2) 
b (Å) 9.3841(1) 14.630(3) 10.479(2) 31.718(6) 16.770(3) 
c (Å) 19.7194(3) 20.651(4) 22.626(5) 13.190(3) 17.384(4) 
α (°) 90 90 77.49(3) 90 78.62(3) 
β (°) 107.6354 90.76(3) 88.24(3) 94.11(3) 77.95(3) 
γ (°) 90 90 73.10(3) 90 90 
V (Å3) 3090.66(8) 3053.3(10) 2188..8 4824.5(17) 2711.6 
Z 4 4 2 4 2 
Dcalc (g cm-3) 2.572 2.956 2.110 2.072 2.518 
µ (mm-1) 9.944 20.398 7.07 6.43 8.56 
θmin (°) 2.6 1.7 2.6 2.6 2.6 
θmax (°) 29 27.5 27.9 28.6 28.7 
Ncollected 68536 47176 47314 92141 63483 
Nunique 8288 6999 10397 12344 13861 
Nobserved 6568 6590 8901 9693 11063 
No. of 
parameters 
388 382 540 596 649 
R1 0.033 0.06 0.037 0.030 0.042 
wR2 0.0653 0.1586 0.114 0.080 0.121 
S 1.01 1.208 1.22 0.93 1.04 
(Δ/ρ)min (e Å-3) -2.55 -10.92 -1.88 -1.00 -2.39 
(Δ/ρ)max (e Å-3) 2.03 2.91 6.97 2.32 5.35 
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Table S2. Crystal data for 4a, 4b, 5b, 3e.CH3OH. 
 4a 4b 5b 3e.CH3OH 
Formula C46Ir2W2O8PRh C50H49Ir2O8PRhW2 C48H44Ir2Mo2O8PRh C35H35Ir2Mo2O13Rh 
FW 1606.76 1663.93 1459.06 1342.86 
Crystal system Triclinic Monoclinic Triclinic Triclinic 
Space group P1 P21/n P-1 P1 
a (Å) 9.874(2) 11.546(2) 12.167(2) 10.7663(3) 
b (Å) 10.467(2) 31.680(6) 12.207(2) 12.3498(3) 
c (Å) 22.628(5) 13.183(3) 17.334(2) 14.0577(4) 
α (°) 77.40(3) 90 87.93(2) 82.927(2) 
β (°) 88.11(3) 94.08(3) 84.11(3) 88.992(2) 
γ (°) 73.19(3) 90 67.40(3) 79.311(2) 
V (Å3) 2183.7(8) 4809.7(17) 2364.4 (8) 1822.68(9) 
Z 2 4 2 2 
Dcalc (g cm-3) 2.444 2.905 2.601 2.447 
µ (mm-1) 11.78 16.023 9.801 8.45 
θmin (°) 2.6 2.6 2.8 3.4 
θmax (°) 27.5 28.6 28.7 29.6 
Ncollected 34799 130037 22711 14725 
Nunique 34799 12308 10647 8275 
Nobserved 31148 9396 7891 7358 
No. of 
parameters 
482 586 586 486 
R1 0.128 0.0379 0.0932 0.027 
wR2 0.360 0.0882 0.2306 0.065 
S 1.19 1.005 1.02 0.92 
(Δ/ρ)min (e Å-3) -10.18 -2.13 -6.31 -1.42 
(Δ/ρ)max (e Å-3) 9.66 2.06 7.27 1.85 
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Introduction 
Mixed-metal carbonyl clusters have been of long-standing interest.1 The fundamental 
usage of them is their application in heterogeneous catalysts.2 Involvement of varied 
metal atoms into cluster cores, especially those disparate metals, may provide many 
advantages than the homometallic clusters. For example, the intrinsic polarity of 
heterometallic bonds between electropositive metals and electronegative metals may 
provide bi- or multi-specific activation and directing the selectivity of substrate-cluster 
interactions.3 Mixed-metal clusters containing metal atoms from group 6 and 9 have 
attracted considerable interest, and the synthesis of trinuclear and tetranuclear clusters 
has been extensively studied, to the extent that the field can now be considered mature.4 
The synthesis of medium- and high-nuclearity (M ≥ 5) are far less exploited.5 A few 
examples were accomplished by the reactions of tetrahedral clusters with metal 
alkylidene or alkylidyne complexes, and with metal carbonyl reagents. In the present 
studies, we explored the synthesis of molybdenum/tungsten-rhodium-iridium medium-
nuclearity clusters employing metal carbonyl reagents Rh(CO)2(η5-C5Me4R) (R = H, Me) 
with MoIr3(µ-CO)3(CO)7(η5-C5H5)2 and WIr3(CO)10(η5-C5H5)2, and their phosphine and 
alkyne chemistry.  
Experimental  
General experimental conditions and starting materials. Reactions were performed 
under an atmosphere of nitrogen using standard Schlenk techniques, although no special 
precautions were taken to exclude air in the work-ups. Reactions were monitored 
regularly by IR spectroscopy to ensure consumption of the starting cluster. 
Dichloromethane used in reactions was AR grade and distilled over CaH2 under nitrogen. 
All other solvents and other reagents were obtained commercially and were used as 
received. Petrol refers to a fraction of boiling range 60–80 °C. Cluster products were 
purified by preparative thin-layer chromatography (TLC) on 20 × 20 cm glass plates 
coated with Merck GF254 silica gel (0.5 mm). Analytical TLC was conducted on 
aluminum sheets coated with 0.25 mm Merck GF254 silica gel. Literature procedures were 
used to synthesize MoIr3(µ-CO)3(CO)8(η5-C5H5)6, WIr3(CO)11(η5-C5H5)7, and 
Rh(CO)2(η5-C5Me5) and Rh(CO)2(η5-C5HMe4)8. Triphenylphosphine (PPh3) and 
diphenylacetylene (PhC≡CPh) were obtained commercially and were used as received. 
Syntheses  
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Reactions of Rh(CO)2(η5-C5Me5) and MoIr3(µ-CO)3(CO)8(η5-C5H5). Rh(CO)2(η5-
C5Me5) (11.6 mg, 39.4 µmol) was added to an orange solution of MoIr3(µ-CO)3(CO)8(η5-
C5H5) (15.3 mg, 14.6 µmol) in CH2Cl2 (20 mL), and the resultant solution was heated at 
reflux for 17 h. The solution was taken to dryness in vacuo, and the crude residue was 
dissolved in minimum amount of CH2Cl2 and applied to a silica preparative TLC plate. 
Elution with CH2Cl2/petrol (3:1) afforded four bands. The contents of the fourth band (Rf 
= 0.1, black) were in trace amounts and were not isolated. The contents of the first band 
(Rf = 0.8, yellow) were extracted with CH2Cl2 and reduced in volume to afford a yellow-
orange solid identified as unreacted MoIr3(µ-CO)3(CO)8(η5-C5H5) (2.2 mg, 2.1 µmol, 19 
%). The contents of the second band (Rf = 0.6, dark red) were extracted with CH2Cl2 and 
reduced in volume to afford a brown solid identified as MoRhIr3(µ3-CO)(µ-
CO)3(CO)6(η5-C5H5)(η5-C5Me5) (3a) (8.4 mg, 6.7 µmol, 46%). IR (CH2Cl2): ν(CO) 2015 
m, 2002 s, 1971 sh, 1954 w, 1789 br cm-1. 1H NMR (CDCl3): δ 5.23, 5.20 (2s, 5H, C5H5), 
1.69, 1.66 (2s, 15H, C5Me5). MS (ESI): calculated, C25H21Ir3MoO10Rh 1260.8132 ([M + 
H]+); found, 1260.8135 ([M + H]+, 12); calculated, C25H20Ir3MoNaO10Rh 1282.7952 ([M 
+ Na]+); found, 1282.8009 ([M + Na]+, 12). Analysis calculated for C25H20Ir3MoO10Rh: 
C 23.90, H 1.60%: found, C 23.80, H 1.76%. The contents of the third band (Rf = 0.3, 
brown) were extracted with CH2Cl2 and reduced in volume to afford a brown solid 
identified as MoRh2Ir3(CO)9(η5-C5H5)(η5-C5Me5)2 (4a) (1.2 mg, 0.8 µmol, 6%). IR 
(CH2Cl2): ν(CO) 2033 m, 2009 s, 2001 s, 1971 sh, 1745 w, 1717 br cm-1. 1H NMR 
(CDCl3): δ 5.22 (s, 5H, C5H5), 1.75 (s, 30H, 2×C5Me5). MS (ESI): calculated, 
C34H36Ir3MoO9Rh2, 1470.8412 ([M + H]+); found, 1470.8446 ([M + H]+, 4). The low 
yield and slow decomposition precluded microanalytical analysis.  
Reactions of Rh(CO)2(η5-C5Me5) and WIr3(CO)11(η5-C5H5). Rh(CO)2(η5-C5Me5) 
(15.2 mg, 51.7 µmol) was added to an orange solution of WIr3(CO)11(η5-C5H5) (22.0 mg, 
19.4 µmol) in CH2Cl2 (20 mL), and the resultant solution was heated at reflux for 17 h. 
The solution was taken to dryness in vacuo, and the crude residue was dissolved in a 
minimum amount of CH2Cl2 and applied to a silica preparative TLC plate. Elution with 
CH2Cl2/petrol (3:2) afforded four bands. The contents of the first (Rf = 0.7, yellow), the 
fourth (Rf = 0.2, light brown) bands were in trace amounts and consequently were not 
isolated. The contents of the second band (Rf = 0.5, dark red) were extracted with CH2Cl2 
and reduced in volume to afford a brown solid identified as WRhIr3(µ-CO)3(CO)7(η5-
C5H5)(η5-C5Me5) (3b) (11.5 mg, 8.5 µmol, 44%). IR (CH2Cl2): ν(CO) 2018 m, 2005 vs, 
1971 sh, 1959 w, 1792 br cm-1. 1H NMR (CDCl3): δ 5.28 (s, 5H, C5H5), 1.63 (s, 15H, 
	   164	  
C5Me5). MS (ESI): calculated, C25H21Ir3O10RhW 1346.8588 ([M + H]+); found: 
1346.8578 ([M + H]+, 12). Analysis calculated for C25H20Ir3O10RhW: C 22.34, H 1.50%: 
found, C 22.80, H 1.66%. The contents of the third band (Rf = 0.3, brown) were extracted 
with CH2Cl2 and reduced in volume to afford a brown solid identified as 
WRh2Ir3(CO)9(η5-C5H5)(η5-C5Me5)2 (4b) (1.7 mg, 1.1 µmol, 6%). IR (CH2Cl2): ν(CO) 
2037 w, 2015 m, 2003 vs, 1972 sh, 1731 w, 1715 w cm-1. 1H NMR (CDCl3): δ 5.34 (s, 
5H, C5H5), 1.76 (s, 30H, 2C5Me5). MS (ESI): calculated, C34H36Ir3O9Rh2W, 1556.8867 
([M + H]+); found, 1556.8876 ([M + H]+, 88). The low yield and slow decomposition 
precluded microanalytical analysis.  
Reactions of Rh(CO)2(η5-C5HMe4) and MoIr3(µ-CO)3(CO)8(η5-C5H5). Rh(CO)2(η5-
C5HMe4) (10.8 mg, 38.6 µmol) was added to an orange solution of MoIr3(µ-
CO)3(CO)8(η5-C5H5) (18.8 mg, 17.9 µmol) in CH2Cl2 (20 mL), and the resultant solution 
was heated at reflux for 16 h. The solution was taken to dryness in vacuo, and the crude 
residue was dissolved in a minimum amount of CH2Cl2 and applied to a silica preparative 
TLC plate. Elution with CH2Cl2/petrol (13:7) afforded four bands. The contents of the 
third band (Rf = 0.3, dark green) were in trace amounts and were not isolated. The 
contents of the first band (Rf = 0.70, yellow) were extracted with CH2Cl2 and reduced in 
volume to afford a yellow-orange solid identified as unreacted MoIr3(µ-CO)3(CO)8(η5-
C5H5) (3.5 mg, 3.3 µmol, 19%). The contents of the second band (Rf = 0.50, dark red) 
was extracted with CH2Cl2 and reduced in volume to afford a brown solid identified as 
MoRhIr3(µ-CO)2(CO)8(η5-C5H5)(η5-C5HMe4) (3c) (5.9 mg, 4.7 µmol, 26%). IR 
(CH2Cl2): ν(CO) 2015 s, 2004 vs, 1971 sh, 1788 br, 1732 m cm-1. 1H NMR (CDCl3): δ 
5.79 (s, H, C5HMe4), 5.25 (s, 5H, C5H5), 1.62 (s, 12H, C5HMe4). MS (ESI): calculated, 
C24H18Ir3MoNaO10Rh, 1268.7795 ([M + Na]+), found 1268.7766 ([M + Na]+, 20). 
Analysis calculated for C24H18Ir3MoO10Rh: C 23.21, 1.46%; found C 23.45, H 1.57%. 
The contents of the fourth band (Rf = 0.2, brown) were extracted with CH2Cl2 and reduced 
in volume to afford a brown solid identified as MoRh2Ir3(CO)9(η5-C5H5)(η5-C5HMe4)2 
(4c) (1.1 mg, 0.7 µmol, 4%). IR (CH2Cl2): ν(CO) 2031 m, 2020 w, 1996 vs, 1970 m, 1724 
m, 1718 w cm-1. MS (ESI): calculated, C32H32Ir3MoO9Rh2, 1442.8099 ([M + H]+); found, 
1442.8163 ([M + H]+, 5); calculated, C32H31Ir3MoNaO9Rh2, 1464.7918 ([M + Na]+); 
found, 1464.7983 ([M + Na]+, 8). The low yield and slow decomposition precluded NMR 
spectroscopic and microanalytical analysis.  
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Reactions of Rh(CO)2(η5-C5HMe4) and WIr3(CO)11(η5-C5H5). Rh(CO)2(η5-C5HMe4) 
(11.2 mg, 40.0 µmol) was added to an orange solution of WIr3(CO)11(η5-C5H5) (18.2 mg, 
16.0 µmol) in CH2Cl2 (20 mL), and the resultant solution was heated at reflux for 17 h. 
The solution was taken to dryness in vacuo, and the crude residue dissolved in a minimum 
amount of CH2Cl2 and applied to a silica preparative TLC plate. Elution with 
CH2Cl2/petrol (4:1) afforded three bands. The contents of the first band (Rf = 0.7, yellow) 
were extracted into CH2Cl2 and reduced in volume to afford a yellow-orange solid 
identified as unreacted WIr3(CO)11(η5-C5H5) (2.3 mg, 2.0 µmol, 12%). The contents of 
the second band (Rf = 0.4, dark red) were extracted with CH2Cl2 and reduced in volume 
to afford a brown solid identified as WRhIr3(CO)10(η5-C5H5)(η5-C5HMe4) (3d) (4.8 mg, 
3.6 µmol, 23%). IR (CH2Cl2): ν(CO) 2017 s, 2008 s, 1970 sh, 1789 br, 1722 m cm-1. 1H 
NMR(CDCl3): δ 5.77 (s, H, C5HMe4), 5.34 (s, 5H, C5H5), 1.60 (s, 12H, C5HMe4). MS 
(ESI): calculated, C24H19Ir3O10RhW 1332.8431 ([M + H]+), found 1332.8472 ([M + H]+, 
9). Analysis calculated for C24H18Ir3O10RhW: C 21.67, H 1.36%; found C 21.92, H 
1.44%. The contents of the third band (Rf = 0.2, brown) were extracted with CH2Cl2 and 
reduced in volume to afford a brown solid identified as WRh2Ir3(CO)9(η5-C5H5)(η5-
C5HMe4)2 (4d) (1.2 mg, 0.8 µmol, 5 %). IR (CH2Cl2): ν(CO) 2032 m, 2014 w, 2001 s, 
1972 sh, 1740 w, 1712 w cm-1. MS (ESI): calculated, C32H32Ir3O9Rh2W 1528.8554 ([M 
+ H]+); found, 1528.8555 ([M + H]+, 40). The low yield and slow decomposition 
precluded NMR spectroscopic and microanalytical analysis.  
Reaction of WRhIr3(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) (3b) with PPh3. PPh3 (1.0 mg, 
3.8 µmol) was added to a dark red solution of 3b (4.9 mg, 3.6 µmol) in CH2Cl2 (15 mL) 
and the resultant mixture was stirred at room temperature for 24 h. The solution was taken 
to dryness in vacuo, and the crude residue dissolved in the minimum amount of CH2Cl2 
and applied to a silica preparative TLC plate. Elution with CH2Cl2/petrol (4:1) afforded 
three bands. The contents of the first (Rf = 0.8, yellow) band and third band (Rf = 0.5, 
brown) were in trace amounts and consequently were not isolated.  The contents of the 
second band (Rf = 0.6, brown) were extracted with CH2Cl2 and reduced in volume to 
afford a brown solid identified as WRhIr3(µ-CO)3(CO)6(PPh3)(η5-C5H5)(η5-C5Me5) (5) 
(2.8 mg, 1.8 µmol, 49%). IR (CH2Cl2): ν(CO) 1992 s, 1960 s, 1891 br, 1760 br, 1727 br 
cm-1. 1H NMR: δ 7.34-7.40 (m, 15H, 3C6H5), 4.84 (s, 5H, C5H5), 1.62 (s, 15H, C5Me5). 
31P NMR (CDCl3): δ 17.0 (s, P, PPh3). MS (ESI): calculated, C42H35Ir3NaO9PRhW, 
1602.9369 ([M + Na]+); found, 1602.9331 ([M + Na]+, 6). Insufficient material precluded 
microanalysis. 
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Reaction of WRhIr3(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) (3b) with excess PPh3. PPh3 
(2.8 mg, 10.6 µmol) was added to a dark red solution of 3b (5.4 mg, 4.0 µmol) in CH2Cl2 
(15 mL) and the resultant mixture was stirred at room temperature for 14 h. The solution 
was taken to dryness in vacuo, and the crude residue dissolved in the minimum amount 
of CH2Cl2 and applied to a silica preparative TLC plate. Elution with CH2Cl2/petrol (8:1) 
afforded three bands. The contents of the first (Rf = 0.7, light green) band were in trace 
amounts and consequently were not isolated.  The contents of the second band (Rf = 0.5, 
brown) were extracted with CH2Cl2 and reduced in volume to afford a brown solid 
identified as WRhIr3(µ-CO)3(CO)6(PPh3)(η5-C5H5)(η5-C5Me5) (5) (1.8 mg, 1.1 µmol, 
28%) by comparison with its IR and 1H NMR spectra. The contents of the third band (Rf 
= 0.4, brown) were extracted with CH2Cl2 and reduced in volume to afford a brown solid 
identified as WRhIr3(µ3-CO)(µ-CO)3(CO)4(PPh3)2(η5-C5H5)(η5-C5Me5) (6) (2.1 mg, 1.2 
µmol, 29%). IR (CH2Cl2): ν(CO) 1999 s, 1974 s, 1943 sh, 1887 br, 1787 br cm-1. 1H NMR 
(CDCl3): δ 7.29-7.52 (m, 30H, 6C6H5), 4.52 (s, 5H, C5H5), 1.78 (s, 15H, C5Me5). 31P 
NMR (CDCl3): δ 37.9, 0.35 (2s, P, PPh3). MS (ESI): calculated, C59H50Ir3O8P2WRh, 
1814.0434 ([M]+); found, 1814.1093 ([M]+, 5). Insufficient material precluded 
microanalysis. 
Synthesis of WIr3Rh(µ3-η2-PhCCPh)(CO)8(η5-C5H5)(η5-C5Me5). PhC≡CPh (1.6 mg, 
9.0 µmol) was added to a dark red solution of WRhIr3(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) 
(3b) (11.2 mg, 8.3 µmol) in CH2Cl2 (20 mL), and the resultant solution was stirred at 
room temperature for 24 hours. The solution was taken to dryness in vacuo, and the crude 
residue dissolved in a minimum amount of CH2Cl2 and applied to a silica preparative 
TLC plate. Elution with CH2Cl2/petrol (3:2) afforded five bands. The contents of the first 
band (Rf = 0.8, yellow), the second band (Rf = 0.7, orange) and the fourth band (Rf = 0.4, 
green) were in trace amounts and were not isolated. The contents of the third band (Rf = 
0.6, dark red) were extracted with CH2Cl2 and reduced in volume to afford a brown solid 
identified as unreacted 3b (0.9 mg, 0.8 µmol, 8%). The contents of the fifth band (Rf = 
0.3, brown) were extracted into CH2Cl2 and reduced in volume to afford a brown solid 
identified as WIr3Rh(µ3-η2-PhCCPh)(CO)8(η5-C5H5)(η5-C5Me5) (7) (3.3 mg, 2.2 µmol, 
27%). IR (CH2Cl2): ν(CO) 2037 w, 2017 s, 2002 s, 1979 m, 1944 m, 1759 w, br, 1670 m, 
br, cm-1. 1H NMR (CDCl3): δ 6.79-7.08 (m, 10H, PhCCPh), 5.57 (s, 5H, C5H5), 1.61 (s, 
15H, C5Me5). MS (ESI): C37H31Ir3O8RhW Calculated. 1468.9472 ([M + H]+), found 
1468.9492 ([M + H]+, 10). Insufficient material precluded microanalysis. 
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Instrumentation. Infrared spectra were recorded on PerkinElmer System 2000 and 
PerkinElmer Frontier FT-IR spectrometers using a CaF2 solution cell and AR grade 
CH2Cl2 solvent; spectral features are reported in cm-1. 1H NMR spectra were recorded on 
a Bruker Ascend-400 spectrometer at 400 MHz in CDCl3 (referenced to residual solvent 
(δ 7.26)) (Cambridge Isotope Laboratories). 31P NMR spectra were recorded on a Bruker 
Ascend-400 spectrometer at 162 MHz CDCl3. Unit resolution and high-resolution ESI 
mass spectra were recorded on a Micromass-Waters LC-ZMD single quadrupole liquid 
chromatograph-MS instrument, and are reported in the form: m/z (assignment, relative 
intensity). Microanalyses were carried out at the Microanalysis Service Unit in the 
Research School of Chemistry, ANU.  
Cyclic voltammetry. Measurements were recorded at room temperature using an EA161 
potentiostat and e-corder from eDaq Pty Ltd, with 1 mm diameter platinum disk working, 
platinum wire auxiliary, and Ag/AgCl reference electrodes, such that the 
ferrocene/ferrocenium redox couple was located at 0.56 V (ipc/ipa = 1; ΔEp = 0.09 V). Scan 
rates were typically 100 mV s−1. Solutions contained 0.3 M (NnBu4)PF6 and ca. 10−3 M 
complex in dried, distilled dichloromethane, and were deoxygenated and maintained 
under a nitrogen atmosphere.  
X-ray structural studies. The crystal and refinement data for compounds 3a, 3b, 3c, 4a, 
5, 6, and 7 are summarized in Table 1. Crystals suitable for the X-ray structural analyses 
were grown by liquid diffusion of methanol into a CH2Cl2 solution. Suitable crystals were 
immersed in viscous hydrocarbon oil and mounted on glass fibers that were mounted on 
the diffractometer. Intensity data were collected using a Nonius KAPPA CCD at 200 K 
with MoKα radiation (λ = 0.7170 Å). Nt (total) reflections were measured by using psi and 
omega scans and were reduced to No unique reflections, with Fo > 2σ(Fo) being 
considered to be observed. Data were initially processed and corrected for absorption 
using the programs DENZO.[9] The structures were solved using direct methods, and 
observed reflections were used in least squares refinement on F2, with anisotropic thermal 
parameters refined for non-hydrogen atoms. Hydrogen atoms were constrained in 
calculated positions and refined with a riding model. Structure solutions and refinements 
were performed using the program SHELXS-97[10] through the graphical interface 
Olex2[11] was used to generate the figures. In all structures, the largest peaks in the final 
difference electron map are located near the metal atoms. 
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Table 1. Crystal data for 3a, 3b, 3c, 5, 6 and 7. 
 
 3a 3b 3c 5 6 7 
Formula C25H20Ir3MoO10Rh C25H20Ir3O10RhW C24H18Ir3MoO10Rh C42H35Ir3O9PRhW C59H50Ir3O8P2RhW C37H30Ir3O8RhW 
FW 1255.86 1343.77 1241.83 1557.26 1879.32 1466.03 
Crystal 
system 
Monoclinic Monoclinic Orthorhombic Monoclinic Triclinic Monoclinic 
Space 
group 
Cc P21/n Fdd2 P21/c P1 P21/c 
a (Å) 16.503(3) 9.3968(19) 22.370(5) 10.28931(6) 12.413(3) 9.21286(10) 
b (Å) 14.977(3) 19.207(4) 55.160(11) 19.09890(11) 13.175(3) 33.8325(3) 
c (Å) 11.410(2) 15.575(3) 8.8230(18) 21.36688(12) 18.075(4) 11.96654(12) 
α (°) 90 90 90 90 80.57(3) 90 
β (°) 101.31(3) 97.79(3) 90 101.3985(6) 76.19(3) 108.8616(11) 
γ (°) 90 90 90 90 86.66(3) 90 
V (Å3) 2765.5(10) 2785.1(10) 10887(4) 4116.08(4) 2831.1(11) 3529.61(6) 
Z 4 4 16 4 2 4 
Dcalc  
(g cm-3) 
3.016 3.205 3.031 2.513 2.226 2.739 
µ (mm-1) 15.46 19.03 15.71 27.35 9.54 30.09 
θmin (°) 2.7 2.6 2.7 2.7 2.6 2.6 
θmax (°) 27.9 27.9 27.9 27.9 28.6 27.9 
Ncollected 21178 55096 49252 28209 66176 44502 
Nunique 6396 6622 6428 8126 14399 6978 
Nobserved 6328 6156 6174 7947 12247 6666 
No. of  
parameters 
366 367 352 506 698 427 
R1 0.054 0.034 0.029 0.030 0.030 0.042 
wR2 0.131 0.098 0.082 0.078 0.083 0.097 
S 1.07 1.15 1.10 1.07 0.93 1.24 
(Δ/ρ)min (e 
Å-3) 
-6.47 -2.69 -2.64 -2.76 -2.76 -174 
(Δ/ρ)max (e 
Å-3) 
4.45 2.44 1.36 1.96 2.05 3.41 
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Results and discussion  
 
Scheme 1. Reaction of Rh(CO)2(η5-C5Me5) with MoIr3(µ-CO)3(CO)8(η5-C5H5) and 
WIr3(CO)11(η5-C5H5). 
The reaction	  of	  MoIr3(µ-CO)3(CO)8(η5-C5H5) (1) with Rh(CO)2(η5-C5Me5) in refluxing 
CH2Cl2 for 17 h, followed by preparative TLC, afforded one major product MoIr3Rh(µ3-
CO)(µ-CO)3(CO)6(η5-C5H5)(η5-C5Me5) (3a) in 46% yield and one minor product 
MoIr3Rh2(CO)9(η5-C5H5)(η5-C5Me5)2 (4a). Analogues reaction	  of	  WIr3(CO)11(η5-C5H5) 
(2) with Rh(CO)2(η5-C5Me5) afforded WRhIr3(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) (3b) in 
44% yield and WRh2Ir3(CO)9(η5-C5H5)(η5-C5Me5)2 (4b) (Scheme 1). The new clusters 
were characterized by IR and 1H NMR spectroscopy and ESI MS, in case of 3a and 3b, 
satisfactory microanalyses and single-crystal X-ray diffraction studies. The solution IR 
spectra of 3a and 3b in CH2Cl2 are analogous, with five ν(CO) bands spanning the range 
2018−1789 cm-1. The 1H NMR spectrum of 3a contains two resonances δ 5.23, 5.20 
assigned to molybdenum-bound cyclopentadienyl, and two resonances δ 1.69 and 1.66 
assigned to rhodium-bound pentamethylcyclopentadienyl. The approximate integrations 
of these four resonances are 1:2:3:6, indicative of two isomers in an approximate ratio of 
1:2. 3b showed δ 5.28 and δ 1.63 in the 1H NMR spectrum, corresponding to the  
tungsten-bound cyclopentadienyl and the rhodium-bound pentamethylcyclopentadienyl, 
respectively. The ESI mass spectra of 3a and 3b reveal [M + H]+ ions with the correct 
characteristic isotope pattern at 1260 and 1346 mass units, respectively. The molecular 
formula of 4a and 4b were confirmed by ESI mass spectra showing [M + H]+ ions with 
correct characteristic isotope pattern at 1470 and 1556, respectively. The solution IR 
spectra of 4a and 4b contain six ν(CO) bands, four of which correspond to terminally 
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bound carbonyls (2037–1971 cm-1) and two to bridging carbonyl modes (1745–1715 
cm-1). The 1H NMR spectra of 4a and 4b contain signals due to the Cp and Cp*. The 
similarity in the IR and 1H NMR spectra of 4a and 4b is suggestive of isostructural 
clusters. 
 
Scheme 2. Reaction of Rh(CO)2(η5-C5HMe4) with MoIr3(µ-CO)3(CO)8(η5-C5H5) and 
WIr3(CO)11(η5-C5H5). 
The related capping reagent Rh(CO)2(η5-C5HMe4) has been used to tune alkylated 
cyclopentadienyl ligands. The reaction of 1 or 2 with Rh(CO)2(η5-C5HMe4) proceeded in 
a manner analogous to that of the Rh(CO)2(η5-C5Me5) examples, giving MRhIr3(µ-
CO)2(CO)8(η5-C5H5)(η5-C5HMe4) (M = Mo, 3c, 26%; M = W, 3d, 23%) and 
MRh2Ir3(CO)9(η5-C5H5)(η5-C5HMe4)2 (M = Mo, 4c; M = W, 4d) (Scheme 2). The new 
clusters have been characterized by IR and 1H NMR spectroscopy, ESI MS, satisfactory 
microanalyses, and in case of 3c, single-crystal X-ray diffraction studies. The solution IR 
spectra of 3c and 3d contain five ν(CO) bands, three of which correspond to terminally 
bound carbonyls (2017–1970 cm−1) and two to bridging carbonyl modes (1789–1722 
cm−1). The 1H NMR spectra of 3c and 3d contain signals due to the Cp and Cp# ligands. 
The similarity in the IR and 1H NMR spectra of 3c and 3d is suggestive of isostructural 
clusters. The ESI mass spectra show [M + Na]+ at 1268 for 3c and [M + H]+ at 1332 for 
3d with the correct characteristic isotope pattern. The molecular formula of 4c and 4d 
were confirmed by ESI mass spectra showing [M + H]+ ions with correct characteristic 
isotope pattern at 1442 and 1528, respectively. The similarity in the IR and 1H NMR 
spectra of 4c and 4d with 4a and 4b is suggestive of isostructural clusters. 
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Figure 1. ORTEP plot and atom numbering scheme for MoRhIr3(µ3-CO)(µ-
CO)3(CO)6(η5-C5H5)(η5-C5Me5) (3a). Displacement ellipsoids are shown at the 40% 
probability level. Hydrogen atoms have been omitted for clarity. Selected bond lengths 
(Å): Ir1−Ir2 2.7075(9), Ir1−Mo3 2.9081(13), Ir1−Rh4 2.8109(11), Ir1−Ir5 2.7214(8), 
Ir2−Mo3 2.7885(13), Ir2−Rh4 2.6751(11), Ir2−Ir5 2.6936(8), Rh4−Mo3 2.8385(15), 
Ir5−Mo3 2.7953(12), Ir1−C11 1.917(13), Ir1−C12 1.903(14), Ir1−C14 2.103(12), 
Ir1−C15 2.167(12), Ir2−C21 1.886 (14), Ir2−C22 1.850(14), Ir2−C234 2.486(14), 
Mo3−C35 2.019(14), Mo3−C234 1.979(16), Rh4−C14 1.981(13), Rh4−C234 2.448(15), 
Ir5−C15 2.001(13), Ir5−C35 2.357(16), Ir5−C51 1.900(17), Ir5−C52 1.922(15). 
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Figure 2. ORTEP plot and atom numbering scheme for WRhIr3(µ-CO)3(CO)7(η5-
C5H5)(η5-C5Me5) (3b). Displacement ellipsoids are shown at the 40% probability level. 
Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å): Ir1−Ir2 2.7587 
(7), Ir1−W3 2.8310(6), Ir1−Rh4 2.7738(7), Ir1−Ir5 2.7429(6), W3−Ir2 2.7446(9), 
Ir2−Rh4 2.6716(8), Ir2−Ir5 2.7235(6), W3−Rh4 2.7949(8), W3−Ir5 2.8845(7), Ir1−C11 
1.879(8), Ir1−C12 1.904(8), Ir1−C15 2.033(8), Ir2−C21 1.928(8), Ir2−C22 1.861 (8), 
Ir2−C25 2.013(7), W3−C31 2.012(8), W3−C34 2.050(7), Rh4−C34 2.161(7), Ir5−C15 
2.170(7), Ir5−C25 2.133(7), Ir5−C51 1.904(8), Ir5−C52 1.878(7). 
 
Figure 3. ORTEP plot and atom numbering scheme for MoRhIr3(µ-CO)2(CO)8(η5-
C5H5)(η5-C5HMe4) (3c). Displacement ellipsoids are shown at the 40% probability level. 
Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å): Ir2−Ir1 
2.7117(6), Ir3−Ir1 2.6692(7), Ir1−Rh4 2.6803(8), Ir1−Mo5 2.7838(9), Ir3−Ir2 
2.7194(6), Ir2−Rh4 2.6617(8), Ir2−Mo5 2.8054(10), Ir3−Rh4 2.8743(8), Ir3−Mo5 
2.9014(9), Ir1−C11 1.874(9), Ir1−C12 1.894(10), Ir1−C15 2.590(10), Ir2−C21 
1.917(10), Ir2−C22 1.890(8), Ir2−C24 2.029(10), Ir3−C31 1.880(11), Ir3−C32 1.920(9), 
Ir3−C33 1.908(10), Rh4−C24 2.027(9), Mo5−C15 1.988(11), Mo5−C51 1.988(10).  
 
Table 2. Selected bond lengths (Å) of 3b, 5, 6 and 7. 
 3b 5 6 7 
Ir1–Ir2 2.7587(7) 2.7137(3) 2.7035(8) 2.6052(5) 
Ir1–W3 2.8310(6) 2.8441(3) 2.7753(7) 2.9075(6) 
Ir1–Rh4 2.7738(7) 2.7729(4) 2.6727(8) 2.8022(8) 
Ir1–Ir5 2.7429(6) 2.7671(3) 2.7223(8) 2.6809(5) 
W3–Ir2 2.7446(9) 2.7545(3) 2.8784(11) 2.8601(6) 
Ir2–Rh4 2.6716(8) 2.6951(4) 2.7871(8) 2.8394(8) 
Ir2–Ir5 2.7235(6) 2.7708(3) 2.7745(7) 2.7101(5) 
W3–Rh4 2.7949(8) 2.7538(5) 2.8350(10) 2.7042(8) 
W3–Ir5 2.8845(7) 2.8579(3) 2.7708(9) 2.6335(6) 
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Single-crystal X-ray diffraction studies confirmed the molecular compositions of 3a, 3b, 
3c, and ORTEP plots with the molecular structure and atomic labeling schemes for them 
are shown in Figure 1, 2 and 3. The metal cores of 3a, 3b and 3c all adopt trigonal-
bipyramidal geometries with the group 6 metals (Mo, W) ligated by η5-cyclopentadienyl 
groups and the rhodium atom ligated by alkylated cyclopentadienyl ligands. In 3a and 
3b, the incoming Rh(η5-C5Me5) unit capped one of the MIr2 (M = Mo, W) faces; while 
in 3c, the incoming Rh(η5-C5HMe4) unit capped the Ir3 face. The clusters contain two or 
three bridging and six to eight terminally bound carbonyl ligands. Notably, the disposition 
of bridging carbonyl ligands is different. There is a semi-face-capping carbonyl ligand 
CO234 in 3a with asymmetry parameter α = 0.26 (Mo3−Ir2), α = 0.24 (Mo3−Ir4) and α 
= 0.02 (Ir2−Ir4).13 They all possess 72 cluster valence electrons, and so are EAN-precise 
for M5 clusters possessing nine M−M bonds. The Ir−Ir bond distances in 3a, 3b and 3c 
fall within a comparatively narrow range [2.6692(7)−2.7587(7) Å]. The Ir−Rh vectors 
and Ir−M vectors both span a broader range [2.6617(8)−2.8743(8) Å] and 
[2.7446(9)−2.9081(13) Å], respectively, but are within the literature precedents.5a The 
Rh−M distances [2.8385(15) and 2.7949(8) Å] fall within the range (2.76-2.85 Å) of those 
previous reported.12 The Curtis asymmetry parameters13 of CO14, CO15 and CO35 in 3a 
are 0.06, 0.08 and 0.17, respectively, and that of CO15, CO25 and CO34 in 3b are 0.07, 
0.06 and 0.05, respectively; indicative of relatively symmetrical disposition of the 
bridging carbonyl ligands, except CO15 in 3a, which is unsymmetrically disposed toward	  
molybdenum atom. The asymmetry parameter of CO24 in 3c is 0.001, which is a strictly 
symmetrical disposition; whereas, CO15 in 3c with an asymmetry parameter of 0.30 is 
unsymmetrically disposed toward	  molybdenum atom.  
 
Scheme 3. Reaction of WIr3Rh(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) with PPh3. 
Addition of one equivalent of PPh3 to 3b afforded the phosphine-substituted product 
WRhIr3(µ-CO)3(CO)6(PPh3)(η5-C5H5)(η5-C5Me5) (5) in the yield of 49%. While addition 
of excess amount of PPh3 to 3b afforded 5 and WRhIr3(µ3-CO)(µ-CO)3(CO)4(PPh3)2(η5-
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C5H5)(η5-C5Me5) (6), isolated following preparative TLC in yields of 28% and 29%, 
respectively (Scheme 3). 5 and 6 have been characterized by IR and 1H NMR 
spectroscopy, ESI MS and single-crystal X-ray diffraction studies. The solution IR 
spectra of 5 and 6 both contain five ν(CO) bands, two of which correspond to terminally 
bound carbonyls (1999–1943 cm−1) and three to bridging carbonyl modes (1891–1727 
cm-1) for 5; for 6, three of which correspond to terminally bound carbonyls (1992–1960 
cm-1) and two to bridging carbonyl modes (1887–1787 cm-1). The 1H NMR spectra of 5 
and 6 contain signals due to the Cp and Cp* ligands and the phenyl groups of the 
triphenylphosphine unit. As expected, 5 show signals in the 31P NMR spectrum at δ 16.5 
and, and 6 show two signals at δ 37.9 and 0.35. The ESI mass spectra of 5 and 6 confirm 
the cluster composition with peaks showing the characteristic isotope pattern at 1602 ([M 
+ Na]+) and 1814 ([M]+) mass units, respectively.  
Single-crystal X-ray diffraction studies confirmed the molecular compositions of 5 and 
6, and ORTEP plots with the molecular structure and atomic labeling schemes for them 
are shown in Figure 4 and Figure 5. The metal cores of 5 and 6 both adopt trigonal-
bipyramidal geometries with the tungsten atom ligated by η5-cyclopentadienyl group and 
the rhodium atom ligated by η5-pentamethylcyclopentadienyl group, which is identical 
with that of parent cluster 3b. The clusters contain three bridging and four to six 
terminally bound carbonyl ligands. Notably, there is a semi-face-capping carbonyl ligand 
in 6. The lengths of metal-metal bonds in 3b and 5 are quite close, but are relatively far 
from that in 6, which suggested that bi-substitution has more impact on tuning the metal-
metal bond lengths than mono-substitution. The bridging carbonyl ligands CO15 
(asymmetry parameter α = 0.03), CO25 (0.02) and CO34 (0.04) in 5 and CO24 (0.05), 
CO25 (0.07) and CO35 (0.10) in 6 are relatively symmetrically disposed. 
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Figure 4. ORTEP plot and atom numbering scheme for WRhIr3(µ-CO)3(CO)6(PPh3)(η5-
C5H5)(η5-C5Me5) (5). Displacement ellipsoids are shown at the 40% probability level. 
Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å): Ir1–Ir2 
2.7137(3), Ir1–W3 2.8441(3), Ir1–Rh4 2.7729(4), Ir1–Ir5 2.7671(3), W3–Ir2 
2.7545(3), Ir2–Rh4 2.6951(4), Ir2–Ir5 2.7708(3), W3–Rh4 2.7538(5), W3–Ir5 2.8579(3), 
Ir1–C11 1.886(6), Ir1–C12 1.879(6), Ir1–C15 2.060(6), Ir2–C21 1.865(7), Ir2–C22 
1.915(6), Ir2–C25 2.053(5), W3–C31 2.005(6), W3–C34 2.041(6), Rh4–C34 2.125(5), 
Ir5–C15 2.127(5), Ir5–C25 2.103(5), Ir5–C52 1.847(6), Ir5–P5 2.3184(13). 
 
Figure 5. ORTEP plot and atom numbering scheme for WRhIr3(µ3-CO)(µ-
CO)3(CO)4(PPh3)2(η5-C5H5)(η5-C5Me5) (6). Displacement ellipsoids are shown at the 
40% probability level. Hydrogen atoms have been omitted for clarity.	  Selected bond 
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lengths (Å): Ir1–Ir2 2.7035(8), Ir1–W3 2.7753(7), Ir1–Rh4 2.6727(8), Ir1–Ir5 2.7223(8), 
W3–Ir2 2.8784(11), Ir2–Rh4 2.7871(8), Ir2–Ir5 2.7745(7), W3–Rh4 2.8350(10), W3–Ir5 
2.7708(9), Ir1–C11 1.866(5), Ir1–C12 1.877(5), Ir2–C21 1.887(5), Ir2–C24 2.086(5), 
Ir2–C25 2.176(5), W3–C35 2.048(5), Rh4–C24 1.992(5), Ir5–C25 2.025(5), Ir5–C35 
2.258(5), Ir5–C52 1.845(5), Ir1–C134 2.556(5), W3–C134 1.965(5), Rh4–C134 
2.496(5), Ir2–P2 2.3656(15), Ir5–P5 2.3250(13). 
 
 
Scheme 4. Synthesis of WRhIr3(µ3-η2-PhCCPh)(µ3-CO)2(CO)6(η5-C5H5)(η5-C5Me5). 
Reaction of diphenylacetylene with 3b proceeded in CH2Cl2 over 24 hours, affording one 
major product 7 that was isolated following preparative TLC in yield of 27% (Scheme 4). 
An X-ray structural study of a single crystal of 7 identified the compound as WRhIr3(µ3-
η2-PhCCPh)(µ3-CO)2(CO)6(η5-C5H5)(η5-C5Me5). The solution IR spectrum of 7 in 
CH2Cl2 contains seven ν(CO) bands, five of which correspond to terminally bound 
carbonyls (2037–1944 cm−1) and three to face-capping carbonyl modes (1759–1670 
cm−1). The 1H NMR spectra of 7 contain signals due to the Cp and Cp* ligands and the 
phenyl groups of the diphenylacetylene unit, and the phenyl, cyclopentadienyl, and 
pentamethylcyclopentadienyl protons are found in the ratio 10:5:15 (2Ph : C5H5 : C5Me5). 
The ESI mass spectra of 7 confirm the cluster composition with peaks showing the 
characteristic isotope pattern at 1468 ([M + H]+).  
Single-crystal X-ray diffraction studies revealed the molecular compositions of 7. 
ORTEP plots with the molecular structure and atomic labeling schemes are shown in 
Figure 6. The metal cores of 7 adopt trigonal-bipyramidal geometries with the tungsten 
atom ligated by η5-cyclopentadienyl group and the rhodium atom ligated by η5-
pentamethylcyclopentadienyl group, maintaining the same metal core with its parent 
cluster 3b. Notably, the cluster contains two semi-face-capping carbonyl ligands CO134 
(asymmetry parameter α = 0.24 (Mo3−Ir1), α = 0.08 (Mo3−Rh4) and α = 0.15 
(Mo3−Rh4)) and CO234 (α = 0.21 (Mo3−Ir2), α = 0.08 (Mo3−Rh4) and α = 0.12 
(Ir2−Rh4)). The distances of Ir1–Ir2, Ir1–Ir5 and W3–Ir5 are relatively shortened after 
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PhC≡CPh capped to the tri-iridium face with comparison with 3b; while distances of Ir1–
W3, W3–Ir2, Ir2–Rh4 relatively elongated.  
 
Figure 6. ORTEP plot and atom numbering scheme for WRhIr3(µ3-η2-PhCCPh)(µ3-
CO)2(CO)6(η5-C5H5)(η5-C5Me5) (7). Displacement ellipsoids are shown at the 40% 
probability level. Hydrogen atoms have been omitted for clarity. Selected bond lengths 
(Å): Ir2–Ir1 2.6052(5), Ir1–W3 2.9075(6), Ir1–Rh4 2.8022(8), Ir1–Ir5 2.6809(5), Ir2–W3 
2.8601(6), Ir2–Rh4 2.8394(8), Ir2–Ir5 2.7101(5), W3–Rh4 2.7042(8), Ir5–W3 2.6335(6), 
Ir1–C11 1.892(11), Ir1–C12 1.934(11), Ir2–C21 1.942(11), Ir2–C22 1.891(11), Ir5–C51 
1.859(12), Ir5–C52 1.870(12), Ir1–C134 2.497(10), W3–C134 2.016(11), Rh4–C134 
2.176(10), Ir2–C234 2.441(10), W3–C234 2.020(11), Rh4–C234 2.174(10), Ir2–C61 
2.114(9), Ir1–C62 2.132(9), Ir5–C61 2.233(9), Ir5–C62 2.196(10). 
 
Figure 7.  Cyclic voltammogram of WRhIr3(µ3-η2-PhCCPh)(µ3-CO)2(CO)6(η5-C5H5)(η5-
C5Me5) (7) at room temperature in CH2Cl2, using the ferrocene/ferrocenium redox couple 
at 0.56 V as an internal standard. 
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Table 3: Cyclic voltammetry data of 3a-3d, 5, 6 and 7.a  
Compound 
Oxidations Reductions 
Ea (E1/2) [ipc/ipa] Ec  (E1/2)[ipc/ipa] 
MoIr3Rh(µ3-CO)(µ-CO)3(CO)6(η5-C5H5)(η5-C5Me5) 
(3a) 
(0.82)b, (0.95)b, (1.17)b, 
(1.30)b 
-0.80 [1], 
(-1.16)b 
WIr3Rh(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) (3b) 
(0.79)b, (0.94)b, (1.11)b, 
(1.40)b 
-0.82 [1], 
(-0.98)b 
MoRhIr3(µ-CO)2(CO)8(η5-C5H5)(η5-C5HMe4) (3c) 
(0.86)b, (0.99)b, (1.16)b, 
(1.45)b 
-0.77 [1], 
(-1.10)b 
WRhIr3(µ-CO)2(CO)8(η5-C5H5)(η5-C5HMe4) (3d) (0.82)b, (1.13)b, (1.35)b 
-0.80 [1], 
(-1.02)b 
WRhIr3(µ-CO)3(CO)6(PPh3)(η5-C5H5)(η5-C5Me5) (5) 
0.60 [0.5], 0.73[0.3], 
(0.90)b 
(-0.98)b 
WIr4(µ-CO)3(CO)6(PPh3)(η5-C5H5)(η5-C5Me5)c 0.56 [0.9], (0.86)b -1.15 [1] 
WRhIr3(µ3-CO)(µ-CO)3(CO)4(η5-C5H5)(η5-
C5Me5)(PPh3)2 (6) 
0.49 [0.7], 0.75 [0.5], 
(1.38)b 
(-1.33)b 
WRhIr3(µ3-η2-PhCCPh)(µ3-CO)2(CO)6(η5-C5H5)(η5-
C5Me5) (7) 
0.60 [0.5], 0.91 [0.5], 
(1.21)b 
-1.10 [1], 
(-1.01)b, 
WIr4(µ3-η2-PhCCPh)(µ3-CO)2(CO)6(η5-C5H5)(η5-
C5Me5)c  
0.74 [0.7], (1.08)b -1.03 [1] 
aCH2Cl2, Ag/AgCl reference electrode, E1/2 for FcH/FcH+ process at 0.56 V; bIrreversible 
process, no measurable return peak; cref 14. 
The electrochemical behavior of the new clusters was assessed by cyclic voltammetry. A 
representative scan (that of 7) is shown in Figure 7, and data from all clusters are collected 
in Table 3. The reduction behavior of the clusters (with respect to the resting state) is 
more reversible than the oxidation behavior. Where data for reversible processes exist for 
3a−3d, a small cathodic shift in the reduction potential is seen on upon replacing 
molybdenum to tungsten, and a tetramethylcyclopentadienyl with a 
pentamethylcyclopentadienyl coligand. The reversibility in the reduction behavior of 
phosphine-substituted products 5 and 6 significantly reduced comparing with that of their 
parent cluster 3b, while the alkyne addition product 7 maintain its reversibility in 
reduction behavior. Therefore, the phosphine plays an important role in determining the 
reversibility in reduction processes of the two analogues WIr4(µ-CO)3(CO)6(PPh3)(η5-
C5H5)(η5-C5Me5) and 5, when comes to alkyne chemistry, it is the metal core similarity 
that determinate reversibility of WIr4(µ3-η2-PhCCPh)(µ3-CO)2(CO)6(η5-C5H5)(η5-
C5Me5) and 7. 
Discussion  
Our earlier investigations about MxIr5-x (M = Mo, W; x = 1−2) core system have 
demonstrated that the trigonal-bipyramidal core can accommodate three 
cyclopentadienyl-ligated metal atoms arranged in either a diapical-equatorial or an apical-
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diequatorial fashion, or two cyclopentadienyl-ligated metal atoms arranged in either a 
diapical or apical-equatorial fashion.5a, 5b All extant closo clusters in the group 6 metal-
iridium system possess three cyclopentadienyl ligands, or are iridium-rich, suggestive of 
a dominant electronic requirement. In the present studies, the iridium-rich MRhIr3 (M = 
Mo, W) core system displayed two different core arrangements: one has both 
cyclopentadienyl-ligated metal atoms in apical position of trigonal-bipyramidal core (3a 
and 3b), the other has two cyclopentadienyl-ligated metal atoms in apical and equatorial 
position of trigonal-bipyramidal core (3c), respectively. In addition, the disposition of 
carbonyl ligands is very diverse with differing numbers of terminal, bridging and face-
capping fashions. The reported clusters that possess MIr4 (M = Mo, W) core system all 
share the same metal core arrangements and identical disposition of carbonyl ligands. 
Therefore, the replacement of one 5d Ir by one 4d Rh has greatly enhanced structural 
diversity of organometallic clusters.  
 
The capping reagents M(CO)2(η5-C5Me4R) (M = Rh, Ir; R = H, Me) were prepared in a 
similar procedure: reaction of commercial MCl3·3H2O with tetramethylcyclopenta-1,3-
diene or pentamethylcyclopenta-1,3-diene afforded [MCl2(η5-C5Me4R)]2, the 
carbonylation of which (in the presence of zinc as reducing agent) gave M(CO)2(η5-
C5Me4R).5a The sublimation of the Ir(CO)2(η5-C5Me4R) reagents generated yellow or 
orange powder at 85 °C and 0.1 mbar, but the sublimation of the Rh(CO)2(η5-C5Me4R) 
reagents happened at 50-55 °C and 0.1 mbar, higher temperature will cause 
decomposition. And Rh(CO)2(η5-C5Me4R) are found relatively unstable in air. So, the 
differing electron donation ability of 4d Rh and 5d Ir plays a fundamental role in 
determining the stability of capping reagents, which results in that the MIr4 clusters are 
more stable than MRhIr3 (M = Mo, W) clusters in air. In addition, the MRhIr3 (M = Mo, 
W) clusters containing pentamethylcyclopentadienyl ligand are found more stable than 
the clusters containing tetramethylcyclopentadienyl ligands.  
The phosphine chemistry and alkyne chemistry of organometallic clusters are of 
fundamental importance. Addition of one equivalent of PPh3 to 3b afforded mono-
substituted product 5, while addition of excess amount of PPh3 to 3b generated 5 and di-
substituted product 6. Both 5 and 6 adopt their parent cluster’s core geometry with 
variation of the disposition of carbonyl ligands, which are similar to the mono- and di-
substituted products of MoIr4(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me5).14 Notably, the di-
substituted product of MoIr4(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) was obtained in 
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refluxing THF, and di-substituted product of 3b only happened in CH2Cl2 at room 
temperature. In 7, the PhC≡CPh inserted to 3b without breaking any metal-metal bonds, 
only with differing carbonyl ligands disposition, which is similar to our earlier reported 
MIr4(µ3-η2-PhCCPh)(µ3-CO)2(CO)6(η5-C5H5)(η5-C5Me5) (M = Mo, W).14 
Conclusions 
Mixed-metal clusters have long been considered as potential precursors to heterometallic 
catalysts, the involvement of varied metal atoms into cluster cores, especially those 
incorporating disparate metals, could enhance their catalytic behavior. The present 
studies have demonstrated a systematic synthesis of penta- and hexa-nuclear 
Mo/W−Rh−Ir clusters. The studies of the phosphine chemistry and alkyne chemistry of 
WIr3Rh(µ-CO)3(CO)7(η5-C5H5)(η5-C5Me5) have demonstrated the metal core 
dispositions kept intact, which provide possibility of testing their physical properties (for 
example: optical limiting) by varying ligands. The current studies have also highlighted 
significant differences of 4d Rh and 5d Ir, which plays an important role in deciding 
structures and stability of the organometallic clusters.  
References 
1.   S. M. Waterman, N. T. Lucas, M. G. Humphrey, Adv. Organomet. Chem., 2001, 
46, 47. 
2.   (a) R. D. Adams, F. A. Cotton, Catalysis by Di- and Polynuclear Metal Cluster 
Complexes, Wiley-VCH: New York, 1998; (b) P. Buchwalter, J. Rosé, P. 
Braunstein, Chem. Rev., 2015, 115, 28. 
3.   P. Braunstein, J. Rosé, in Metal Clusters in Chemistry (Eds.: P. Braunstein, L. A. 
Oro, P.R. Raithby), Wiley-VCH, Weinheim (Germany) 1999, chapter 2.2, pp616. 
4.   M. C. Comstock, J. R. Shapley, Coord. Chem. Rev., 1995, 143, 501. 
5.   (a) M. D. Randles, P. V. Simpson, V. Gupta, J. Fu, G. J. Moxey, T. Schwich, A. 
L. Criddle, S. Petrie, J. G. MacLellan, S. R. Batten, R. Stranger, M. P. Cifuentes, 
M. G. Humphrey, Inorg. Chem., 2013, 52, 11256; (b) A. J. Usher, N. T. Lucas, G. 
T. Dalton, M. D. Randles, L. Viau, M. G. Humphrey, S. Petrie, R. Stranger, A. C. 
Willis, A. D. Rae, Inorg. Chem., 2006, 45, 10859; (c) J. Fu, G. J. Moxey, M. P. 
Cifuentes, M. G. Humphrey, J. Organomet. Chem., 2015, 792, 46. 
6.   M. R. Churchill, Y. -J. Li, J. R. Shapley, D. S. Foose, W. S. Uchiyama, J. 
Organomet. Chem., 1986, 312, 121. 
	   181	  
7.   J. R. Shapley, S. J. Hardwick, D. S. Foose, G. D. Stucky, J. Am. Chem. Soc., 1981, 
103, 7383.  
8.   (a) N. Dunwoody, S.-S. Sun, A. J. Lees, Inorg. Chem., 2000, 39, 4442; (b) J. Fu, 
M. Morshedi, G. J. Moxey, A. Barlow, M. P. Cifuentes, M. G. Humphrey, Chem. 
Eur. J., 2016, 22, 5128.  
9.   Z. Otwinowski, W. Minor, Methods Enzymol., 1997, 276, 307. 
10.  G. M. Sheldrick, Acta Crystallogr. Sect. A: Fundam. Crystallogr., 2008, 64, 112. 
11.  O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard, H. Puschmann, J. 
Appl. Crystallogr., 2009, 42, 339. 
12.  (a) G. Inter, B. Schulz, A. Trunschke, H. Miessner, H. –C. Bottcher, B. Walther, 
Inorg. Chim. Acta., 1991, 184, 27; (b) J. C. Jeffery, C. Marsden, F. G. A. Stone, 
Dalton Trans., 1985, 1315; (c) M. Green, J. C. Jeffery, S. J. Porter, H. Razay, F. 
G. A. Stone, Dalton Trans., 1982, 2475. 
13.  (a) M. D. Curtis, W. M. Butler, J. Organomet. Chem., 1978, 155, 131; (b) R. J. 
Klingler, W. M. Butler, M. D. Curtis, J. Am. Chem. Soc., 1978, 100, 5034. 
14.  P. V. Simpson, M. D. Randles, V. Gupta, J. Fu, G. J. Moxey, T. Schwich, M. 
Morshedi, M. P. Cifuentes, M. G. Humphrey, Dalton Trans., 2015, 44, 7292. 
 
	   183	  
Publication 7 
 
 
Syntheses and X-ray Structures of Mo3Ir3(µ4-η2-CO)(µ3-
CO)(CO)10(η5-C5H5)3 and Mo3RhIr3(µ-CO)4(CO)7(η5-C5H5)3(η5-
C5Me5) 
 
 
 
Junhong Fu, Michael. D. Randles, Graeme J. Moxey, Rob Stranger, Marie P. Cifuentes, 
and Mark G. Humphrey* 
 
 
 
 
 
In preparation 
The paper will be submitted to European Journal of Inorganic Chemistry.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	   184	  
Introduction  
Mixed-metal cluster chemistry has been of long-standing interest, and presents active 
research frontier involving catalytic reactions and advanced materials.[1] The presence of 
differing transition metals may offer molecular approaches to the design of catalysts 
having higher activity and selectivity, because the intrinsic polarity of heterometallic 
bonds may afford enhanced bi or multi-specific activation and directing the selectivity of 
substrate-cluster interactions.[2] Mixed-metal clusters could possess readily modified 
physical properties (such as optical limiting) through structural manipulation by 
incorporation of differing metal atoms and the variation of the metal core skeletons, so 
they continue to command attention.[3] 
Amongst the many possible clusters, those metal clusters containing metal atoms from 
group 6 and 9 have attracted considerable interest, because clusters with these diverse 
metals can be stabilized by a common cyclopentadienyl/carbonyl ligand sheath.[4] We 
have reported comprehensive studies of the syntheses and chemistry of low-nuclearity 
tetranuclear mixed molybdenum/tungsten-iridium carbonyl clusters,[5] and have recently 
extended these studies to pentanuclear examples.[6] It is still the case that medium- and 
high-nuclearity heterometallic clusters remain comparatively underexploited.[7] We have 
continued to explore the syntheses of higher-nuclearity examples and herein report the 
syntheses and X-ray structures of Mo3Ir3(µ4-η2-CO)(µ3-CO)(CO)10(η5-C5H5)3 (1) and 
Mo3RhIr3(µ-CO)4(CO)7(η5-C5H5)3(η5-C5Me5) (2), their X-ray structural confirmation, 
and theoretical studies of 2 and the structurally related cluster W3Ir4(µ-H)(CO)12(η5-
C5H5)3 (3) rationalizing their differing electron counts. 
Results and discussion  
 
Scheme 1. Syntheses of Mo3Ir3(µ4-η2-CO)(µ3-CO)(CO)10(η5-C5H5)3 (1). 
Thermolysis reaction of Mo2Ir2(µ-CO)3(CO)7(η5-C5H5)2 in refluxing toluene afforded a 
complex mixture of products that was separated by preparative thin-layer 
Mo Ir
Ir
Ir
Mo
MoC
O
Toluene
Reflux, 30 minMo
Mo
Ir
Ir 1, 16%
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chromatography (TLC) (Scheme 1). The major product was identified as Mo3Ir3(µ4-η2-
CO)(µ3-CO)(CO)10(η5-C5H5)3 (1) in 16% yield, and was characterized by IR and 1H NMR 
spectroscopy, ESI MS, satisfactory microanalysis and single-crystal X-ray diffraction 
studies. The solution IR spectra of 1 in CH2Cl2 contain ten ν(CO) bands, eight of which 
correspond to terminally bound carbonyls (2067−1929 cm-1) and two to bridging carbonyl 
mode (1878 and 1698 cm-1). The 1H NMR spectrum of 1 contains three resonances 
assigned to the molybdenum-bound cyclopentadienyl groups at δ 5.72, 5.44 and 5.34. 
The ESI mass spectra of 1 display an intense molecular ion peak at m/z 1397.	  
 
Figure 1. ORTEP plot and atom numbering scheme for Mo3Ir3(µ4-η2-CO)(µ3-
CO)(CO)10(η5-C5H5)3 (1). Displacement ellipsoids are shown at the 40% probability 
level. Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å): Ir1−Ir2 
2.7856(7), Ir1−Ir3 2.7654(6), Ir1−Mo4 2.8166(11), Ir1−Mo5 2.8783(12), Ir1−Mo6 
2.9004(11), Ir2−Ir3 2.6730(7), Ir2−Mo4 2.8653(11), Ir2−Mo6 2.8220(11), Ir3−Mo4 
2.8724(11), Ir3−Mo5 2.7648(13), Mo4−Mo5 2.9371(15), Ir1−C11 1.899(12), Ir1−C12 
1.924(12), Ir1−C126 2.167(12), Ir2−C21 1.874(13), Ir2−C22 1.898(13), Ir2−C126 
2.142(11), Ir2−C234 2.509(15), Ir3−C31 1.889(15), Ir3−C32 1.889(14), Ir3−C234 
2.305(15), Mo4−C126 2.009(11), Mo4−C234 1.995(13), Mo5−C51 1.970(14), 
Mo5−C52 1.965(14), Mo6−C61 2.007(13), Mo6−C62 1.977(12), Mo6−C126 2.507(12), 
Mo6−O126 2.160(8).  
An ORTEP diagram of the crystallographically determined molecular structure of 1 is 
shown in Figure 1. The metal core of 1 adopts an edged trigonal-bipyramidal core 
geometry with two of the molybdenum atoms in apical and equatorial sites of the trigonal 
bipyramidand the third molybdenum bridging an Irap–Ireq vector. The cluster contains ten 
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terminal carbonyl ligands, and each iridium atom is ligated by two terminal carbonyl 
ligands. The bridging carbonyl CO234 is formally semi-face-capping with asymmetry 
parameter α = 0.09 (Ir3−Ir2), α = 0.16 (Ir3−Mo4) and 0.26 (Ir2−Mo4).[8] An unusual 
feature of the structure of 1 is the presence of a semi-face-capping carbonyl ligand and a 
µ4-η2 bridging carbonyl ligand. The cluster possesses 3 × 6 (Mo) + 3 × 9 (Ir) + 10 × 2 
(COt) + 1 × 2 (COb) + 1 × 4 (µ4-η2-CO)+ 3 × 5 (Cp) = 84 CVE, which is two-electron 
less than EAN precise for an M6 cluster with 11 M−M bonds. The Ir−Ir 
[2.6730(7)−2.7856(7)Å], Ir−Mo [2.7648(13)−2.9004(11)Å], Mo−Mo [2.9371(15)Å] 
bond distances lie within the range of literature precedents. The core atom disposition in 
1 is analogous to those in recently reported Mo3Ir3(µ3-O)(µ-CO)3(CO)8(η5-C5H5)3.[7] 
 
Scheme 2. Syntheses of Mo3RhIr3(µ-CO)4(CO)7(η5-C5H5)3(η5-C5Me5) (2). 
Reaction of 1 with Rh(CO)2(η5-C5Me5) in refluxing CH2Cl2 for 24 hours provided 
Mo3RhIr3(µ-CO)4(CO)7(η5-C5H5)3(η5-C5Me5) (2) isolated as a brown solid after TLC in 
42% yield (Scheme 2). 2 was characterized by IR and 1H NMR spectroscopy, ESI MS, 
and single-crystal X-ray diffraction studies. The solution IR spectra of 2 in CH2Cl2 
contain five ν(CO) bands, three of which correspond to terminal (2023−1941 cm-1) and 
two to bridging carbonyl ligands (1797 and 1711 cm-1). The 1H NMR spectrum of 2 
contains three resonances assigned to the molybdenum-bound cyclopentadienyl groups 
at δ 5.33, 5.28 and 4.82, one resonance at δ 2.10 attributed to the rhodium-bound 
pentamethylcyclopentadienyl group. The ESI mass spectrum of 2 displays an intense 
molecular ion peak at m/z 1613. 
An ORTEP diagram of the crystallographically determined molecular structure of 2 is 
shown in Figure 2. The new cluster adopts a bicapped trigonal-bipyramidal geometry 
with Ir3Mo2 defining the trigonal bipyramid, and a rhodium and the third molybdenum 
atom defining the capped vertexes. The molybdenum atoms are each ligated by a η5-
cyclopentadienyl ligand, and rhodium is ligated by a η5-pentamethylcyclopentadienyl 
ligand. The cluster contains seven terminal and four bridging carbonyl ligands, and each 
Mo Ir
Ir
Ir
Mo
MoC
O Rh
Mo
Ir
Ir
Ir
Mo
Mo
Rh
2, 42%
CH2Cl2
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Ir atom is ligated by two terminal carbonyl ligands. All the metal-metal bond distances 
lie within the range of literature precedents. The two bridging CO ligands (CO17 and 
CO47) symmetrically bridge Mo1-Rh7 and Mo4-Rh7 vectors, respectively. But CO34 
and CO56 are all formally semi-bridging, being displaced significantly towards Mo 
(Curtis semi-bridging parameters 0.22 and 0.30, respectively).[8] 
 
Figure 2. ORTEP plot and atom numbering scheme for Mo3RhIr3(µ-CO)4(CO)7(η5-
C5H5)3(η5-C5Me5) (2). Displacement ellipsoids are shown at the 40% probability level. 
Hydrogen atoms and the lattice methanol molecule have been omitted for clarity. The 
thick bonds depict the bicapped trigonal-bipyramidal cluster core. Selected bond lengths 
(Å):Ir2−Mo1 2.7819(6), Ir3−Mo1 2.8040(6), Mo1−Mo4 2.8925(7), Ir5−Mo1 2.6993(6), 
Rh7−Mo1 2.7350(8), Ir2−Ir3 2.6966(5), Ir2−Mo4 2.8486(7), Ir2−Ir5 2.7322(6), Ir2−Mo6 
2.8648(7), Ir2−Rh7 2.8280(7), Ir3−Mo4 2.7323(6), Ir3−Ir5 2.6837(5), Ir3−Mo6 
2.8722(6), Rh7−Mo4 2.8351(7), Ir5−Mo6 2.7552(7), Mo1−C17 2.009(5), Ir2−C22 
1.879(6), Ir2−C21 1.881(6), Ir3−C31 1.869(6), Ir3−C32 1.908(6), Ir3−C34 2.456(6), 
Mo4−C34 2.007(6), Mo4−C47 2.001(6), Ir5−C51 1.869(6), Ir5−C52 1.862(6), Ir5−C56 
2.525(6), Mo6−C56 1.944(7), Rh7−C17 2.188(5), Rh7−C47 2.163(6). 
Bicapped trigonal-bipyramidal core geometry is very unusual for heptametallic clusters. 
All structurally characterized heptametallic cores can be classified to type A, B and C 
(Figure 3). All type A clusters are gold-rich clusters and 96 electron-precise for PSEPT-
expected for bicapped trigonal-bipyramidal polyhedron,[9] except Os3Rh4(µ3-
C6H5CH3)(CO)13, which has an electron count of 92, because homorhodium clusters may 
conform to 16-electron rule instead of 18-electron rule.[15] For example, a reported  
tetrarhodium cluster [Rh4(µ2-H)4(cod)4] (cod=cyclooctadiene) has an electron count of 
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56.[24] In type C, Os5Ru2(CO)15Cp2 and Os7(CO)17(η6-C6H6)  are related, and both were 
synthesized from mononuclear cation [Ru(η5-C5H5)(MeCN)]+ and [Os(η6-
C6H6)(MeCN)3]2+ with [Os5(CO)15]2- and [Os6(CO)17]2-, respectively.[17,22] Group 6-
Group 9 mixed-metal clusters W3Ir4(µ-H)(CO)12(η5-C5H5)3[23] and Mo3RhIr3(µ-
CO)4(CO)7(η5-C5H5)3(η5-C5Me5) are also related. No examples of Type B has been 
reported so far, presumably the two-capped metals of type B are prone to form a metal-
metal bond generating a pentagonal-bipyramidal core. Most of reported clusters with 
pentagonal-bipyramidal core are gold-rich clusters, in which aurophilic interactions play 
a fundamental role in Au−Au bond formation of molecular cluster containing two or more 
Au fragments.[25] 
 
Figure 3. Bicapped trigonal bipyramidal coreisomers and structurally 
verifiedheptametallic clusters. Key: aRef 10; bRef 11; cRef 12; dRef 13; eRef 14; fRef 15; 
gRef 16; hRef 17; iRef 18; jRef 19; kRef 20; lRef 21; mRef 22; nRef 23; othis work. 
2 possesses 3 × 6 (Mo) + 3 × 9 (Ir) + 1 × 9 (Rh) + 7 × 2 (COt) + 4 × 2 (COb) + 3 × 5(Cp) 
+ 1 × 5 (Cp*) = 96 CVE, which is PSEPT-expected count for a bicapped trigonal-
bipyramidal polyhedron. The 2-electron deficient cluster W3Ir4(µ-H)(CO)12Cp3 (3) is 
related to 2 by conceptual replacement of one of Ir atoms with Rh atom, and W atoms 
with Mo atoms.  We previously reported the stability of a four-valence-electron-deficient 
butterfly cluster Ir4(CO)6(η5-C5Me4H)2 with the aid of density functional theory 
calculations.[26] Theoretical studies of 2and 3 to rationalize their stability were herein 
carried out. One CO ligand was removed from Ir2 in 2 to afford a theoretical 2-electron 
deficient specie [2−CO], because Ir2 has 19 electrons and a high metal-metal 
M
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(A) (B) (C)
Au3CoRu3(CO)12(PPh3)3[a] 96 CVE 
Au3(µ3-H)Ru4(CO)12(PPh3)3[b] 96 CVE 
Au4Ru3(µ-CMe)(Br)(CO)9(PPh3)3[c] 96CVE 
AuOs6(µ-H)(CO)16(PEt3)(SbPh3) [d] 96 CVE 
AuRuOs5(CO)15Cp(PPh3) [e] 96 CVE 
Os3Rh4(C6H5CH3)(CO)13[f] 92 CVE 
	  
Os7(CO)18(µ-S(CH2)2OCH2CH2)[g]  96 CVE 
Os7(CO)17(η6-C6H6) [h]96 CVE 
[Au6Pt(PPh3)7]2+ [i] 90 CVE 
[Au6V(CO)4(PPh3)6]+ [j] 90 CVE 
[Au6Co(CO)2(PPh3)6]+ [k] 90 CVE 
[Au6Pd(dmpi)(PPh3)6]2+ [l]  CVE 
Os5Ru2(CO)15Cp2[m] 96 CVE 
W3Ir4(µ-H)(CO)12Cp3[n] 94 
CVEMo3Ir3Rh(CO)11Cp3Cp* [o] 96 CVE 
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connectivity. The geometry optimized structure [2−CO] and bond lengths of it can be 
seen in Figure S1 and Table S1. The formation of a face-capping CO to Ir1, Mo4, Rh7 
helps ease the electron-deficiency of Ir2 to some degree. Gibbs free energies for the 
theoretical CO dissociation reaction 2à [2−CO] + CO are 20.0 kcal/mol and 23.7 
kcal/mol by method BP and PBE, respectively (Table S3 and S4), consistent with the 
observed stability of 2. One CO ligand was added to W3 in 3 to obtain an electron-precise 
species [3+CO], because W3 has the least electrons of all the metal atoms. The geometry 
optimized [3+CO] has a face-capping CO to W3, Ir3 and Ir4 (Figure S3). The calculated 
lengths of the metal-metal bonds that connecting to W3 increased comparing with that of 
3, especially the length of W1−W3 (2.937Å (BP) and 2.930 Å (PBE) in [3+CO] is 
significantly increased, comparing with that of W1−W3 (2.784(2) Å) in 3 which can be 
assigned to a W=W double bond (Table S2). Gibbs free energy of the proposed 
association reaction [3+CO]à3 + CO is −9.5 kcal/mol and −5.4 kcal/mol by method BP 
and PBE, respectively (Table S3 and S4), consistent with the observed stability of 3. 
The electrochemical behavior of the new clusters was assessed by cyclic voltammetry, 
and the scans of 1 and 2 are shown in Figure S4 and 4. The oxidation behavior of 2 has 
two reversible processes at E1/2 = +0.55 V and E1/2 = +0.80 V; while that of 1 has one 
partially reversible process at E1/2 = +0.46 V (Table 1). Notably, 1 is more easily oxidized 
than 2, suggesting that the greater the percentage of Mo are, the easier that the cluster can 
be oxidized. Previous studies demonstrated that Mo2Ir2(CO)10(η5-C5H5-nMen)2 (n = 0, 1, 
4, 5) are more easily oxidized than the respective clusters MoIr3(CO)11(η5-C5H5-nMen),[26] 
and Mo2Ir3(CO)9(η5-C5H5)2(η5-C5Me4R) (R = H, Me) are more easily oxidized than their 
corresponding clusters MoIr4(CO)10(η5-C5H5)(η5-C5Me4R) (R = H, Me).[6] 
 
Figure 4. Cyclic voltammogram of 2 at room temperature in CH2Cl2, using the 
ferrocene/ferrocenium redox couple at 0.56 V as an internal standard. 
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Table 1: Cyclic voltammetry data of 1 and 2.[a] 
 Oxidation Ea(/E1/2) [ipc/ipa] Reduction Ec 
Mo3Ir3(µ4-η2-CO)(µ3-CO)(CO)10(η5-C5H5)3 (1) 0.46 [0.9] -0.96[b] 
Mo3RhIr3(µ-CO)4(CO)7(η5-C5H5)3(η5-C5Me5) (2) 0.55 [1], 0.80 [1], 1.18[b] -1.01[b], -0.72[b] 
[a] CH2Cl2, Ag/AgCl reference electrode, E1/2 for FcH/FcH+ process at 0.56 V. [b] Irreversible 
process, no measurable return peak.  
We have also examined the linear optical absorption spectrum of 2 (Figure S5), exhibiting 
four absorption in the region of the spectrum [λ= 11150 cm-1, ε = 1031 cm-1M-1; λ = 17750 
cm-1, ε = 4081 cm-1 M-1; λ = 24400 cm-1, ε = 9347 cm-1M-1; λ = 28500 cm-1, ε = 14788 
cm-1 M-1]. A time-dependent DFT (TDDFT) analysis of the electronic transitions has 
provided the spectrum shown in Figure S5. The major visible transition at 17728 cm-1 
(calculated at 17422 cm-1) is mainly attributed to transition from the HOMO-2 (38%) to 
the LUMO+3.  The observed absorption at 24400 cm-1, calculated to be at 24997 cm-1, is 
attributed to the the HOMO-1 (48%) to the LUMO+7 transition. The relevant molecular 
orbitals are shown in Figure S6.  
Conclusion 
We present here the syntheses and structures of Mo3Ir3(µ4-η2-CO)(µ3-CO)(CO)10(η5-
C5H5)3 (1) and Mo3RhIr3(µ-CO)4(CO)7(η5-C5H5)3(η5-C5Me5) (2). Free energy 
calculations demonstrate that the it is more stable than its 2-electron deficient species, 
while 2-electron deficient cluster W3Ir4(µ-H)(CO)12(η5-C5H5)3 is stable than its electron-
precise species. Only a few Mo−Ir−Rh clusters have been structurally characterized, the 
title complex 2 is the largest cluster so far.  
 
Experimental  
General experimental conditions and starting materials. Reactions were performed 
under an atmosphere of nitrogen using standard Schlenk techniques, although no special 
precautions were taken to exclude air in the work-ups. Reactions were monitored 
regularly by IR spectroscopy to ensure consumption of the starting cluster. Solvents used 
in reactions were AR grade and distilled under nitrogen using standard methods: CH2Cl2 
over CaH2 and toluene over sodium benzophenone ketyl. All other solvents and other 
reagents were obtained commercially and were used as received. Petrol refers to a fraction 
of boiling range 60–80 °C. Cluster products were purified by preparative thin-layer 
chromatography (TLC) on 20 ⋅ 20 cm glass plates coated with Merck GF254 silica gel (0.5 
mm). Analytical TLC was conducted on aluminum sheets coated with 0.25 mm Merck 
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GF254 silica gel. Literature procedures were used to synthesize Mo2Ir2(µ-CO)3(CO)7(η5-
C5H5)2[28] and Rh(CO)2(η5-C5Me5) [29]. 
Cyclic Voltammetry. Measurements were recorded at room temperature using an EA161 
potentiostat and e-corder from eDaq Pty Ltd, with platinum disk working, platinum wire 
auxiliary, and Ag/AgCl reference electrodes, such that the ferrocene/ferrocenium redox 
couple was located at 0.56 V (ipc/ipa = 1; ΔEp = 0.09 V). Scan rates were typically 100 
mV s−1. Solutions contained 0.1 M (NnBu4)PF6 and ca. 10−3 M complex in dried, distilled 
dichloromethane, and were deoxygenated and maintained under a nitrogen atmosphere.  
Syntheses of Mo3Ir3(µ4-η2-CO)(µ-CO)(CO)10(η5-C5H5)3. A solution of Mo2Ir2(µ-
CO)3(CO)7(η5-C5H5)2 (30.0 mg, 30.2 µmol) in toluene (20 mL) was refluxed for 30 
minutes, the extent of reaction being monitored by IR spectroscopy. The solution was 
taken to dryness in vacuo, and then the crude residue was dissolved in a minimum amount 
of CH2Cl2 and applied to a silica preparative TLC plate. Elution with CH2Cl2/petrol (5:1) 
afforded five bands. The contents of the first band (Rf = 0.8, orange) were extracted with 
CH2Cl2 and reduced in volume to afford an orange solid identified as unreacted Mo2Ir2(µ-
CO)3(CO)7(η5-C5H5)2 (8.9 mg, 9.0 µmol, 30%). The contents of the second band (Rf = 
0.6, brown) and the third band (Rf = 0.4, brown) were extracted with CH2Cl2 and reduced 
in volume to afford thus-far unidentified brown solids. The contents of the fourth band 
(Rf = 0.3, brown) were extracted with CH2Cl2 and reduced in volume to afford a brown 
solid identified as Mo3Ir3(µ4-η5-CO)(µ-CO)(CO)10(η5-C5H5)3 (1) (4.5 mg, 3.2 µmol, 
16%). IR (CH2Cl2): ν(CO) 2067 w, 2042 vs, 2012 vs, 1998 s, 1989 w, 1969 w, 1947 w, 
1929 m, 1878 m, 1698 w cm-1. 1H NMR (CDCl3): δ 5.72 (s, 5H, C5H5), 5.44 (s, 5H, 
C5H5), 5.34 (s, 5H, C5H5). HR-MS (ESI): calculated for C27H15Ir3Mo3O12, 1397.6544 
([M]+); found, 1397.6576 ([M]+). Analysis calculated for C27H15Ir3Mo3O12: C 23.23, H 
1.08: Found C 23.22, H 1.07. The contents of the fifth (Rf = 0.1, brown) band were in 
trace amounts and were not isolated. 
Syntheses of Mo3RhIr3(µ-CO)4(CO)7(η5-C5H5)3(η5-C5Me5). Rh(CO)2(η5-C5Me5) (3.9 
mg, 13.3 µmol) was added to a brown solution of Mo3Ir3(µ4-η2-CO)(µ-CO)(CO)10(η5-
C5H5)3 (9.8 mg, 7.0 µmol) in CH2Cl2 (30 mL), and the resultant solution was heated at 
reflux for 24 hours, the extent of reaction being monitored by IR spectroscopy. The 
solution was taken to dryness in vacuo, and the crude residue was dissolved in a minimum 
amount of CH2Cl2 and applied to a silica preparative TLC plate. Elution with CH2Cl2 
afforded two bands. The contents of the first band (Rf = 0.8, brown) were extracted with 
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CH2Cl2 to afford a brown solid identified as unreacted Mo3Ir3(µ4-η2-CO)(µ-
CO)(CO)10(η5-C5H5)3 (4.2 mg, 3.0 µmol, 43%). The contents of the second band (Rf = 
0.5, brown) were extracted with CH2Cl2 to afford a brown solid identified as Mo3RhIr3(µ-
CO)4(CO)7(η5-C5H5)3(η5-C5Me5)(4.8 mg, 3.0 µmol, 42 %). IR (CH2Cl2): ν(CO) 2023 vs, 
1994 vs, 1941 m, 1797br, 1711 br cm-1. 1H NMR (CDCl3): δ 5.33 (s, 5H, C5H5), 5.28 (s, 
5H, C5H5), 4.82 (s, 5H, C5H5), 2.10 (s, 15H, C5Me5). HR-MS (ESI): calculated, 
C36H30Ir3Mo3O11Rh, 1613.6894 ([M]+); found, 1613.7047 ([M]+, 18). The cluster slowly 
decomposes over a period of days, precluding satisfactory elemental analysis.  
Computational details. Computational studies were carried out by using the Amsterdam 
Density Functional (ADF) program, version 2013.[30] Calculations were executed in 
parallel mode on supercomputer housed at the ANU Supercomputer Facility and operated 
under the National Computational Infrastructure Scheme. The calculations employed all-
electron basis sets of triple-ζ quality with a single polarization function (TZP), spin-
unrestricted on each atom. Relativistic effects were accounted for by using the zero-order 
relativistic approximation (ZORA).[31] Geometry-optimized calculations were carried out 
with gradient-corrected exchange–correlation functionals (generalized gradient 
approximation: GGA) by using BP and PBE. [32, 33] Gibbs free energy data were obtained 
through frequency calculations.[34] UV/Vis spectra were calculated using the statistical 
average of orbital potentials (SAOP) based on the geometry optimized coordinates.[35] 
Electronic excitation spectra for closed-shell complexes were obtained with the 
EXCITATION module.[36] Typically, the 150 lowest dipole-allowed excitation energies 
were calculated to generate the UV/Vis spectra. 	  
X-ray structural studies. Crystals suitable for the X-ray structural analyses were grown 
by liquid diffusion of methanol into a CH2Cl2 solution. Intensity data were collected using 
an Enraf-Nonius KAPPA CCD at 200 K with MoKα radiation (λ = 0.71073 Å). Suitable 
crystals were immersed in viscous hydrocarbon oil and mounted on glass fibers that were 
mounted on the diffractometer. Using psi and omega scans, Nt (total) reflections were 
measured, which were reduced to No unique reflections, with Fo> 2σ(Fo) being considered 
“observed”. Data were initially processed and corrected for absorption using the 
programs DENZO[37].The structures were solved using direct methods, and observed 
reflections were used in least squares refinement on F2, with anisotropic thermal 
parameters refined for non-hydrogen atoms. Hydrogen atoms were constrained in 
calculated positions and refined with a riding model. Structure solutions and refinements 
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were performed using the program SHELXS-97[38] through the graphical interface 
Olex2[39] was used to generate the figures.  
Crystal Data 1, C27H15Ir3Mo3O12, M = 1395.89, monoclinic, space group P21/n, a = 
9.5667(2), b = 19.2809(3), c = 16.6698(2) Å, β = 100.9804 (10)°, V = 3018.53(5) Å3, Z 
= 4, Dc = 3.071 g/cm3, F000 = 2520, µ = 14.45 mm-1, 2θmax = 60º, 79809 reflections 
collected, 8829 unique. Final GoF = 1.00, R1 = 0.035, wR2 = 0.136, R indices based on 
8813 reflections with I > 2 (I) (refinement on F2), 406 parameters, 0 restraints.	  
2·CH3OH, C37H34Ir3Mo3O12Rh, M = 1637.97, orthorhombic, space group Fdd2, a = 
27.765(6), b = 27.953(6), c = 20.311(4) Å, V = 15764(5) Å3, Z = 16, Dc = 2.761 g/cm3, 
F000 = 12064, µ = 11.48 mm-1, 2θmax = 57.4º, 79981 reflections collected, 9891 unique. 
Final GoF = 0.86, R1 = 0.022, wR2 = 0.063, R indices based on 9502 reflections with I > 
2 (I) (refinement on F2), 511 parameters, 1 restraint.  
Abbreviations  
Cp: (η5-C5H5) 
Cp*: (η5-C5Me5) 
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Syntheses and X-ray structures of Mo3Ir3(µ4-η2-CO)(µ3-CO)(CO)10(η5-
C5H5)3 and Mo3RhIr3(µ-CO)4(CO)7(η5-C5H5)3(η5-C5Me5) 
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Figure S1. Geometry optimized [2-CO] by method BP. Hydrogen atoms are omitted for 
clarity. 
 
              
Figure S2. Structures of W3Ir4(µ-H)(CO)12(η5-C5H5)3 (3) (left) and geometry optimized 
[3+CO] by method BP (right). 
 
Figure S3. Cyclic voltammogram of 1 at room temperature in CH2Cl2, using the 
ferrocene/ferrocenium redox couple at 0.56 V as an internal standard. 
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Figure S4. UV-vis absorption spectrum for Mo3RhIr3(µ-CO)4(CO)7(η5-C5H5)3(η5-
C5Me5) (2) in CH2Cl2 solvent (up); TDDFT calculated UV-vis absorption spectrum of 2 
(bottom). 
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360a, HOMO-8, -9.74 eV 363a, HOMO-5, -9.33 eV 365a, HOMO-3, -9.00 eV 
 
 
 
366a, HOMO-2, -8.98 eV 367a; HOMO-1, -8.77 eV 368a, HOMO, -8.52 eV 
  
 
369a, LUMO, -7.41 eV  370a, LUMO+1 -7.33 eV 372a, LUMO+3, -6.87 eV 
   
373a, LUMO+4, -6.54 eV 376a, LUMO+7, -57.1 eV 378a, LUMO+9, -5.52 eV 
 
  
388a, LUMO+19, -5.42 eV   
 
Figure S6. Calculated molecular orbitals of Mo3RhIr3(µ-CO)4(CO)7(η5-C5H5)3(η5-
C5Me5) (2).  
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LUMO -3.69 eV HOMO -0.511 eV HOMO-1 -0.53 eV 
  
 
HOMO-2 -0.53 eV HOMO-3 -0.55 eV HOMO-4 -0.56 eV 
   
HOMO-5 -0.58 eV HOMO-6 -0.60 eV HOMO-7 -0.61 eV 
  
 
HOMO-8 -0.64 eV HOMO-9 -0.65 eV  
 
Figure S7. Calculated molecular orbitals of W3Ir4(µ-H)(CO)12(η5-C5H5)3 (3). 
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Table S1. Bond lengths of 2, and geometry optimized 2 and [2-CO] by method BP and 
PBE. 
 2  2 2 [2-CO] [2-CO] 
 Expt.  BP  PBE   BP PBE   
Ir2−Mo1 2.7819 (6) 2.873 2.861 2.699 2.696 
Ir2−Ir3 2.6966 (5) 2.711 2.712 2.732 2.734 
Ir2−Mo4 2.8486 (7) 2.869 2.864 2.684 2.682 
Ir2−Ir5 2.7322 (6) 2.766 2.768 2.828 2.825 
Ir2−Mo6 2.8648 (7) 2.933 2.924 2.735 2.727 
Ir2−Rh7 2.8280 (7) 2.868 2.857 2.804 2.792 
Ir3−Mo1 2.8040 (6) 2.873 2.855 2.78 2.78 
Ir3−Mo4 2.7323 (6) 2.787 2.779 2.82 2.806 
Ir3−Ir5 2.6837 (5) 2.725 2.768 2.672 2.669 
Ir3−Mo6 2.8722 (6) 2.907 2.902 2.921 2.908 
Mo4−Mo1 2.8925 (7) 2.883 2.88 2.915 2.91 
Mo4−Rh7 2.8351 (7) 2.863 2.853 2.791 2.78 
Mo1−Rh7 2.7350 (8) 2.811 2.796 2.835 2.825 
Ir5−Mo6 2.7552 (7) 2.819 2.805 2.83 2.821 
Ir5−Mo1 2.6993 (6) 2.71 2.717 2.877 2.876 
 
Table S2. Bond lengths of 3, and geometry optimized 3 and [3+CO] by method BP and 
PBE. 
 3 3 3 [3+CO]  [3+CO]  
 Expt. BP PBE BP PBE 
Ir1−Ir2 2.751(2) 2.787 2.784 2.818 2.809 
Ir1−Ir4 2.695(2)  2.726 2.723 2.732 2.729 
Ir1−W2 2.889(2) 2.920 2.906 2.951 2.931 
 Ir1−Ir3 2.687(2) 2.748 2.743 2.758 2.758 
Ir1−W1  2.864(2) 2.922 2.908 2.916 2.905 
 Ir1−W3 2.824(2) 2.852 2.847 2.952 2.944 
Ir2−Ir3 2.715(2)  2.753 2.750 2.791 2.785 
Ir2−W3 2.713(2)  2.755 2.753 2.872 2.874 
Ir2−W1  2.832(2 2.822 2.817 2.767 2.761 
Ir3−W2 2.763(2)  2.800 2.794 2.838 2.874 
Ir3−Ir4  2.704(2) 2.749 2.747 2.746 2.748 
Ir3−W3 2.682(2) 2.721 2.794 2.954 2.944 
Ir4−W2  2.786(2) 2.814 2.805 2.800 2.794 
 Ir4−W3 2.684(2) 2.714 2.709 2.809 2.788 
W1−W3 2.784(2)  2.788 2.784 2.937 2.930 
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Table S3. Calculated free energy data (method: BP/TZP/Core none/ZORA). 
 
 Bond energy 
Internal 
energy Entropy T*S Enthalpy 
Free 
energy Δ G 
 kcal/mol kcal/mol cal K
-1 mol-
1 
298.15K
,  
kcal/mol 
kcal/mol kcal/mol kcal/mol 
CO -338.51 4.49 47.24 14.09 -333.43 -347.51  
2 -12983.50 388.19 340.50 101.52 -12594.72 -12696.24  
2-CO -12613.15 379.92 322.28 96.09 -12232.64 -12328.73  
       20.00 
3+C
O -10522.04 263.50 316.53 94.37 
-
10257.95 -10352.32  
3 -10180.58 257.21 307.03 91.54 -9922.78 -10014.32  
CO -338.51 4.49 47.24 14.09 -333.43 -347.51  
       -9.51 
 
Table S4. Calculated free energy data (method: PBE/TZP/Core none/ZORA). 
 
 Bond energy Internal energy Entropy T*S Enthalpy Free energy Δ G 
 kcal/mol kcal/mol cal K
-1 mol-1 298.15K,  kcal/mol kcal/mol kcal/mol kcal/mol 
2 -13166.41 388.49 337.96 100.76 -12777.33 -12878.09  
2-CO -12791.18 380.26 319.46 95.25 -12410.33 -12505.57  
CO -339.83 4.50 47.25 14.09 -334.74 -348.83  
       23.69 
3+CO -10671.60 263.72 314.66 93.82 -10407.29 -10501.11  
3 -10324.85 257.41 304.80 90.88 -10066.85 -10157.72  
CO -339.83 4.50 47.25 14.09 -334.74 -348.83  
       -5.44 
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Table S5. Frequency calculation data (All methods with TZP/core none/ZORA). 
 
2BP Translation Rotation Vibration  Total 
Entropy (cal/mol K-1) 298.15 K 48.008 39.500 252.992 340.500 
Internal Energy (kcal/mol) 0.889 0.889 386.412 388.189 
[2-CO]BP     
Entropy (cal/mol K-1) 298.15 K 47.956 39.387 234.932 322.275 
Internal Energy (kcal/mol) 0.889 0.889 378.140 379.917 
2PBE     
Entropy (cal/mol K-1) 298.15 K 48.008 39.481 250.470 337.959 
Internal Energy (kcal/mol) 0.889 0.889 386.711 388.488 
[2-CO]PBE     
Entropy (cal/mol K-1) 298.15 K 47.956 39.368 232.138 319.462 
Internal Energy (kcal/mol) 0.889 0.889 378.486 380.263 
3BP     
Entropy (cal/mol K-1) 298.15 K 48.425 39.366 219.241 307.031 
Internal Energy (kcal/mol) 0.889 0.889 255.431 257.209 
[3+CO] BP     
Entropy (cal/mol K-1) 298.15 K 48.469 39.506 228.550 316.525 
Internal Energy (kcal/mol) 0.889 0.889 261.719 263.496 
3PBE     
Entropy (cal/mol K-1) 298.15 K  48.425 39.350 217.028 304.803 
Internal Energy (kcal/mol) 0.889 0.889 255.634 257.411 
[3+CO]PBE     
Entropy (cal/mol K-1) 298.15 K 48.469 39.487 226.708 314.664 
Internal Energy (kcal/mol) 0.889 0.889 261.940 263.718 
CO BP      
Entropy (cal/mol K-1) 298.15 K 35.923 11.320 0.001 47.244 
Internal Energy (kcal/mol) 0.889 0.592 3.012 4.493 
CO PBE     
Entropy (cal/mol K-1) 298.15 K 35.925 11.321 0.001 47.245 
Internal Energy (kcal/mol) 0.889 0.592 3.015 4.497 
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Table S6. Calculated frequencies (All methods with TZP/core none/ZORA) 
 
Species  Frequencies (cm-1) 
2 BP 19 28 36 43 48 49 52 56 60 64 66 69 71 75 77 79 81 84 86 88 91 93 98 99 100 
104 109 113 115 118 120 124 126 131 132 136 138 140 143 146 149 154 158 160 
161 165 170 176 178 181 186 189 191 192 198 216 244 256 268 275 279 284 290 
299 299 301 304 312 320 321 328 349 360 376 378 399 403 404 408 411 423 427 
431 435 439 447 455 460 464 472 478 485 486 489 499 501 504 508 514 516 521 
522 533 537 541 544 548 554 565 575 576 579 582 583 584 585 585 592 595 776 
787 793 796 803 808 810 812 814 819 820 823 825 827 829 829 830 876 879 888 
891 891 898 926 932 991 993 994 998 1000 1004 1004 1004 1006 1013 1016 
1044 1047 1049 1053 1054 1055 1057 1058 1086 1104 1113 1114 1137 1141 
1239 1241 1242 1342 1345 1346 1351 1356 1358 1360 1361 1363 1365 1368 
1383 1388 1408 1412 1413 1413 1414 1415 1417 1422 1424 1432 1438 1443 
1447 1451 1455 1458 1467 1472 1483 1688 1713 1805 1843 1876 1898 1923 
1934 1949 1968 1998 2945 2947 2950 2951 2952 3014 3017 3019 3020 3022 
3050 3055 3059 3060 3064 3161 3167 3168 3169 3175 3179 3180 3182 3183 
3188 3195 3198 3202 3203 3209 
[2-CO] BP 
 
16 29 34 38 44 45 50 53 57 61 66 71 74 76 81 83 86 88 91 94 99 103 105 112 113 
118 119 121 123 124 132 134 137 144 147 149 152 156 158 160 163 164 168 170 
172 177 178 180 187 190 198 212 216 224 244 268 275 278 284 294 297 300 305 
306 309 320 323 331 337 358 367 369 375 380 394 396 407 418 421 429 434 439 
443 445 453 460 462 466 483 486 492 497 506 514 516 519 522 526 527 540 545 
546 557 557 574 578 579 581 582 583 586 591 594 752 785 787 789 793 799 801 
806 809 809 818 823 824 825 828 829 830 860 876 881 884 891 892 930 935 993 
995 995 1000 1001 1005 1007 1008 1010 1016 1019 1048 1050 1052 1052 1053 
1055 1058 1060 1089 1105 1110 1112 1138 1140 1243 1244 1248 1342 1346 
1349 1351 1353 1354 1359 1360 1360 1362 1368 1384 1387 1406 1411 1413 
1415 1416 1417 1420 1420 1424 1434 1446 1447 1450 1454 1457 1461 1470 
1479 1487 1621 1694 1840 1861 1874 1884 1908 1932 1962 1994 2947 2947 
2948 2950 2950 3007 3008 3010 3015 3015 3045 3046 3053 3055 3061 3160 
3164 3166 3168 3174 3177 3183 3186 3186 3187 3191 3192 3201 3204 3208 
2 PBE 
 
4 23 30 38 45 49 50 55 56 60 66 70 72 75 76 78 80 82 85 88 90 93 95 98 100 102 
104 109 115 116 119 122 123 126 130 134 140 141 145 145 150 152 156 159 162 
164 168 174 177 183 184 191 194 195 200 208 220 243 259 277 280 282 288 297 
301 306 306 312 319 327 329 333 355 366 379 381 401 404 407 411 411 425 428 
433 436 442 451 458 464 468 473 481 488 489 492 501 505 507 510 517 518 523 
524 535 540 543 544 549 557 567 572 579 582 584 585 586 587 588 593 597 774 
790 794 797 803 809 809 811 813 819 820 820 823 826 826 827 829 875 879 888 
891 893 899 926 934 992 995 996 999 999 1000 1003 1004 1006 1010 1012 1044 
1047 1049 1053 1053 1055 1056 1058 1084 1107 1116 1116 1139 1143 1237 
1237 1238 1339 1343 1348 1354 1356 1357 1359 1362 1362 1366 1369 1384 
1389 1411 1412 1412 1413 1413 1415 1417 1422 1422 1429 1435 1439 1444 
1449 1454 1458 1465 1468 1481 1691 1720 1801 1846 1878 1900 1926 1938 
1953 1973 2003 2952 2954 2955 2956 2958 3017 3024 3025 3027 3029 
30573061 3064 3066 3068 3162 3166 3167 3169 3176 3176 3180 3183 3184 
3184 3194 3196 3200 3203 3208 
[2-CO] PBE 
 
15 29 36 40 44 48 53 54 59 64 65 73 74 78 83 87 88 91 92 97 102 105 109 115 
116 121 123 123 127 129 134 136 140 146 148 149 151 156 159 160 162 167 171 
174 176 180 182 185 189 195 200 216 220 224 244 269 277 285 287 301 302 304 
311 312 315 325 329 337 343 363 370 374 379 384 395 398 409 420 423 430 436 
443 445 448 459 466 466 470 486 488 496 500 508 516 517 521 524 528 529 541 
546 548 557 559 577 581 583 584 585 585 589 592 595 754 787 788 791 795 797 
804 808 809 811 817 821 822 822 825 826 827 861 877 880 884 892 893 931 935 
994 996 997 1001 1001 1002 1004 1005 1010 1013 1016 1047 1049 1051 1052 
1052 1055 1057 1060 1085 1108 1113 1115 1140 1142 1238 1239 1244 133 1342 
1352 1354 1354 1356 1356 1358 1362 1364 1365 1385 1388 1411 1411 1412 
1415 1415 1417 1419 1419 1423 1430 1442 1444 1446 1451 1454 1458 1468 
1477 1486 1626 1698 1841 1862 1876 1888 1912 1936 1967 1998 2954 2955 
2956 2957 2958 3016 3018 3018 3022 3024 3052 3054 3059 3062 3067 3161 
3165 3166 3168 3172 3178 3184 3185 3186 3189 3191 3192 3200 3204 3208 
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3BP 
 
34 40 42 46 47 49 54 59 63 64 69 70 72 74 75 78 79 84 85 88 92 94 97 98 100 
102 106 108 110 111 113 114 115 119 123 126 129 135 139 140 142 145 148 160 
165 176 179 190 277 288 302 304 306 315 320 335 349 387 406 410 411 419 424 
433 436 439 440 445 457 459 462 464 464 466 468 475 487 490 495 498 502 508 
515 515 522 528 532 535 540 543 546 557 567 570 578 578 582 583 588 618 805 
806 812 813 815 822 823 824 825 826 828 831 832 834 843 884 887 891 893 898 
910 990 991 992 998 999 1009 1051 1052 1053 1054 1058 1062 1098 1102 1117 
1128 1242 1242 1245 1345 1347 1352 1355 1363 1369 1409 1410 1411 1416 
1420 1423 1514 182 1891 1903 1914 1919 1927 1940 1947 1959 1971 1984 2004 
3163 3166 3169 3171 3174 3181 3183 3184 3185 3187 3195 3196 3198 3201 
3213 
[3+CO] BP 
 
26 32 34 43 45 51 58 62 64 66 68 72 73 74 77 78 81 83 84 86 89 90 92 93 98 99 
102 104 105 105 112 113 115 117 121 126 126 132 134 140 141 144 149 160 161 
165 168 175 188 233 282 288 299 303 305 313 320 335 340 371 389 401 409 411 
419 421 423 429 431 439 443 446 454 457 463 464 468 471 478 482 484 490 495 
496 503 508 511 514 522 524 528 536 540 542 548 552 557 565 573 576 578 581 
583 586 604 810 811 813 817 820 824 825 826 826 827 829 832 833 836 850 882 
886 899 903 914 922 982 992 992 993 995 99 1006 1051 1053 1053 1056 1056 
1058 1100 1102 1116 1242 1243 1243 1346 1347 1352 1356 1361 1365 1409 
1412 1414 1415 1415 1430 1633 1691 1856 1889 1906 1917 1919 19371944 
1955 1972 1978 1987 2011 3164 3166 3170 3171 3177 3181 3182 3183 3188 
3189 3190 3197 3203 3205 3206 
3 PBE 
 
34 41 43 47 48 49 56 59 64 66 69 71 75 76 77 79 81 86 87 88 93 95 98 100 102 
106 109 110 112 114 115 117 118 122 125 129 131 137 141 142 144 147 150 163 
168 178 182 194 286 295 309 311 313 323 328 344 357 389 408 412 413 421 426 
435 438 441 443 447 459 461 465 466 467 469 472 479 491 492 497 500 505 511 
516 518 524 530 534 537 542 545 548 558 569 572 581 581 586 586 590 614 807 
808 812 813 815 820 821 823 825 825 826 830 831 834 846 884 886 892 895 900 
913 992 992 993 999 999 1010 1050 1051 1053 1053 1057 1063 1100 1104 1113 
1119 1238 1238 1242 1348 1349 1355 1359 1366 1373 1408 1409 1410 1415 
1419 1422 1527 1830 1896 1907 1917 1923 1932 1943 1951 1963 1974 1988 
2007 3163 3166 3167 3169 3171 3180 3182 3182 3183 3185 3193 3194 
31963199 3210 
[3+CO] PBE 
 
26 32 34 42 45 51 58 61 64 67 69 73 74 75 77 80 83 83 85 87 90 92 93 94 100 
100 103 106 107 108 114 116 119 120 123 127 128 134 136 143 143 146 152 163 
164 167 171 179 191 237 288 296 306 310 312 321 328 343 349 372 392 403 411 
413 421 423 425 431 432 440 444 447 455 458 464 467 472 475 481 485 488 492 
498499 506 511 514 518 524 525 530 537 541 543 550 554 558 567 576 580 581 
584 587 589 609 809 812 814 816 818 822 822 824 824 826 829 831 832 836 852 
881 885 900 903 916 923 942 992 993 993 996 999 1007 1050 1051 1052 1055 
1055 1058 1102 1104 11181237 1238 1239 1348 1349 1355 1360 1365 1368 
1407 1410 1413 1414 1414 1429 1638 1706 1860 1894 1911 1921 1923 1940 
1949 1959 1976 1983 1991 2015 3166 3168 3170 3172 3177 3180 3184 3186 
3187 3189 3190 3197 3202 3205 3205 
CO BP 2107 
CO PBE 2109 
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Table S7: Observed and calculated optical data and transition assignments for 2. 
νmax [ε] a 
(expt.)  
νmax [f] 
(calc.)b 
Composition  
(Weight %) 
Assignment  
11175 
[1031] 
9865 
[0.0098] 
368a-369a 
91% 
3.6 C1px + 3.0 Ir 5py + 2.9 Rh dx2-y2 + 2.7 C1px + 2.6 O1px + 2.6 
O1pz + 2.4 C 1px + 2.3 Mo dyz + 2.2 Mo dx2-y2 + 2.2 Mo dyz + 2.0 Rh 
dyzà 11.9 Ir dx2-y2 + 11.0 Mo dxy + 6.3 Mo dxy + 3.1 Mo dx2-y2 + 3.0 
Mo dyz + 2.9 Mo dyz 
 13277 
[0.0056] 
366a-369a 
63%  
13.4 Mo dxz + 4.7 Mo dxy + 3.6 Mo dz2 + 3.6 Mo dxz + 3.5 Mo dxy + 
3.4 Ir dyz + 2.4 Ir dz2à 11.9 Ir dx2-y2 + 11.0 Mo dxy + 6.3 Mo dxy + 
3.1 Mo dx2-y2 + 3.0 Mo dyz + 2.9 Mo dyz 
 15920 
[0.0127] 
365a-370a 
28% 
 
 
367a-372a 
20% 
8.5 Mo dz2 + 5.1 Mo dyz + 4.6 Mo dxy + 4.4 C 1px + 4.0 Mo dx2-y2 + 
3.8 Mo dz2 + 3.7 Rh dz2 + 3.5 C 1pxà 14.4 Mo dxy + 8.1 Rh dx2-y2 + 
7.3 Mo dxz + 6.3 Rh dz2 + 6.0 Mo dyz 
 
9.0 Mo dx2-y2 + 7.7 Mo dyz + 5.7 Mo dx2-y2 + 3.6 Ir 5py + 3.5 O 1pxà 
16.1 Mo dx2-y2 + 8.3 Mo dx2-y2  + 6.6 Mo dyz + 5.5 Ir dyz + 5.2 Ir dx2-
y
2  + 4.6 Mo dxz + 4.5 Ir dxy  
17750 
[4081] 
17422 
[0.0104] 
366a-372a 
38% 
13.4 Mo dxz + 4.7 Mo dxy + 3.6 Mo dz2 + 3.6 Mo dxz + 3.5 Mo dxy + 
3.4 Ir dyz + 2.4 Irdz2à 16.1 Mo dx2-y2 + 8.3 Mo dx2-y2  + 6.6 Mo dyz + 
5.5 Ir dyz + 5.2 Ir dx2-y2 + 4.6 Mo dxz + 4.5 Ir dxy 
 19108 
[0.0250] 
360a-369a 
29% 
7.3 Rh dxz + 7.1 Mo dxz + 6.5 Mo dx2-y2  + 5.9 Mo dyz + 3.4 Rh dxy 
11.9 Ir dx2-y2 + 11.0 Mo dxy + 6.3 Mo dxy + 3.1 Mo dx2-y2 + 3.0 Mo 
dyz + 2.9 Mo dyz 
 21074 
[0.0268] 
360a-370a 
28% 
7.3 Rh dxz + 7.1 Mo dxz + 6.5 Mo dx2-y2  + 5.9 Mo dyz + 3.4 Rh dxyà 
14.4 Mo dxy + 8.1 Rh dx2-y2 + 7.3 Mo dxz + 6.3 Rh dz2 + 6.0 Mo dyz 
 
 23192 
[0.0364] 
363a-373a 
25% 
8.3 Mo dyz + 7.8 Mo dxz + 6.7 Rh dxy + 4.6 Rh dyz + 3.2 Mo dx2-y2   + 
3.0 Ir dx2-y2    + 3.0 Ir dx2-y2   + 2.9 Ir  dx2-y2   + 2.9 Ir dyz + 2.8 Ir 
5pxà 16.0 Mo  dz2 + 7.2 Rh  dz2 + 5.5 Mo dxz + 5.0 Ir  dz2 + 3.9 Mo 
dxy + 3.5 Rh dxy + 3.5 Mo dz2 
24400 
[9347] 
24997 
[0.0324] 
367a-376a 
48% 
9.0 Mo dx2-y2 + 7.7 Mo dyz + 5.7 Mo dx2-y2 + 3.6 Ir 5py + 3.5 O 1pxà 
8.6 C 1pz + 6.5 C 1px + 5.9 Mo dxz + 5.9 C1py + 3.5 Ir dyz + 3.5 C 1pz 
+ 3.4 O 1pz 
28500 
[14788] 
26530 
[0.0292] 
367a-378a 
29% 
9.0 Mo dx2-y2  + 7.7 Mo dyz + 5.7 Mo dx2-y2 + 3.6 Ir 5py + 3.5 O 1pxà 
9.2 Mo dyz + 7.0 C 1py + 6.5 Mo dxz + 3.6 C 1px + 3.2 C 1px + 3.2 
Mo dxy + 3.1 Mo dx2-y2 
 29861 
[0.0281] 
368a-388a 
37% 
3.6 C1px + 3.0 Ir 5py + 2.9 Rh dx2-y2 + 2.7 C1px + 2.6 O1px + 2.6 
O1pz + 2.4 C 1px + 2.3 Mo dyz + 2.2 Mo dx2-y2  + 2.2 Mo dyz + 2.0 
Rh dyzà12.0 C 1py + 6.1 C 1px + 5.9 C 1py + 4.3 C 1pz+ 4.1 O 1py 
	  
a: νmax – observed and calculated transition energy in cm-1; [ε] – molar extinction 
coefficient in M-1 cm-1; b:[f] – calculated oscillator strength.  Geometry optimization by 
BP/TZP/Corenone/ZORA; TDDFT: SAOP/TZP/Corenone/ZORA, singlet only. 
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Table S1. Crystal data for4, 5a, 5b, 6 and 8. 
Figure S1. Molecular structure of Mo2Ir2(µ-CO)3(CO)6{P(C6H2Me2-3,5-OMe-4)3}(η5-
C5H5)2 (4), with thermal ellipsoids set at the 30% probability level. Hydrogen atoms and 
the lattice hexane molecule have been omitted for clarity. 
Figure S2. Molecular structure of Mo2Ir2(µ4-η2-HC2SiPri3)(µ-CO)4(CO)4(η5-C5H5)2 (6), 
with thermal ellipsoids set at the 30% probability level. Hydrogen atoms have been 
omitted for clarity. 
Figure S3.IR spectra of Mo2Ir2(µ-CO)3(CO)6(PPh3)(η5-C5H5)2 (2)(Eappl ca. +0.70 V) in 
CH2Cl2 with 0.3 M (NBun4)(PF6) during exhaustive oxidation at 298 K. 
Figure S4.IR spectra of Mo2Ir2(µ4-η2-HC2SiPri3)(µ-CO)4(CO)4(η5-C5H5)2 (6)(Eappl ca. 
+0.70 V) in CH2Cl2 with 0.3 M (NBun4)(PF6) during exhaustive oxidation at 298 K. 
Figure S5. Variable-temperature 31P NMR spectroscopic study of Mo2Ir2(µ-
CO)3(CO)6{P(C6H4Me-4)3}(η5-C5H5)2(3) in CDCl3 at 162 MHz. 
Figure S6. Variable-temperature 31P NMR spectroscopic study of Mo2Ir2(µ-
CO)3(CO)6{P(C6H2Me2-3,5-OMe-4)3}(η5-C5H5)2(4) in CD2Cl2 at 324 MHz. 
Figure S7. Ground- (open circles) and excited-state (closed circles) absorption cross-
sections of 2 overlaid on the UV-visible spectrum. 
Figure S8. Ground- (open circles) and excited-state (closed circles) absorption cross-
sections of 3 overlaid on the UV-visible spectrum. 
Figure S9. Ground- (open circles) and excited-state (closed circles) absorption cross-
sections of 4 overlaid on the UV-visible spectrum. 
Figure S10. Ground- (open circles) and excited-state (closed circles) absorption cross-
sections of 5 overlaid on the UV-visible spectrum. 
Figure S11. Ground- (open circles) and excited-state (closed circles) absorption cross-
sections of C60 overlaid on the UV-visible spectrum. 
Figure S12. Optical limiting of 3 at the three wavelengths sampled [532 nm (black), 570 
nm (red) and 630 nm (blue)]. The solid line is the 70 % transmission trend and the dotted 
lines are the approximate clamping fluences. 
Figure S13. Optical limiting of 4 at the three wavelengths sampled [532 nm (black), 570 
nm (red) and 630 nm (blue)]. The solid line is the 70 % transmission trend and the dotted 
lines are the approximate clamping fluences. 
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Figure S1. Molecular structure of Mo2Ir2(µ-CO)3(CO)6{P(C6H2Me2-3,5-OMe-4)3}(η5-
C5H5)2 (4), with thermal ellipsoids set at the 30% probability level. Hydrogen atoms and 
the lattice hexane molecule have been omitted for clarity.  
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Figure S2. Molecular structure of Mo2Ir2(µ4-η2-HC2SiPri3)(µ-CO)4(CO)4(η5-C5H5)2 (6), 
with thermal ellipsoids set at the 30% probability level. Hydrogen atoms have been 
omitted for clarity. 
 
Figure S3. IR spectra of Mo2Ir2(µ-CO)3(CO)6(PPh3)(η5-C5H5)2 (2)(Eappl ca. +0.70 V) in 
CH2Cl2 with 0.3 M (NBun4)(PF6) during exhaustive oxidation at 298 K. 
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Figure S4. IR spectra of Mo2Ir2(µ4-η2-HC2SiPri3)(µ-CO)4(CO)4(η5-C5H5)2 (6)(Eappl ca. 
+0.70 V) in CH2Cl2 with 0.3 M (NBun4)(PF6) during exhaustive oxidation at 298 K. 
	  
	  
Figure S5. Variable-temperature 31P NMR spectroscopic study of Mo2Ir2(µ-
CO)3(CO)6{P(C6H4Me-4)3}(η5-C5H5)2(3) in CDCl3 at 162 MHz. 
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Figure S6. Variable-temperature 31P NMR spectroscopic study of Mo2Ir2(µ-
CO)3(CO)6{P(C6H2Me2-3,5-OMe-4)3}(η5-C5H5)2(4) in CD2Cl2 at 324 MHz. 
	  
	  
	  
Figure S7. Ground- (open circles) and excited-state (closed circles) absorption cross-
sections of 2 overlaid on the UV-visible spectrum. 
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Figure S8. Ground- (open circles) and excited-state (closed circles) absorption cross-
sections of 3 overlaid on the UV-visible spectrum. 
 
 
 
Figure S9. Ground- (open circles) and excited-state (closed circles) absorption cross-
sections of 4 overlaid on the UV-visible spectrum. 
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Figure S10. Ground- (open circles) and excited-state (closed circles) absorption cross-
sections of 5 overlaid on the UV-visible spectrum. 
 
 
Figure S11. Ground- (open circles) and excited-state (closed circles) absorption cross-
sections of C60 overlaid on the UV-visible spectrum. 
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Figure S12. Optical limiting of 3 at the three wavelengths sampled [532 nm (black), 
570 nm (red) and 630 nm (blue)]. The solid line is the 70 % transmission trend and the 
dotted lines are the approximate clamping fluences. 
 
Figure S13. Optical limiting of 4 at the three wavelengths sampled [532 nm (black), 
570 nm (red) and 630 nm (blue)]. The solid line is the 70 % transmission trend and the 
dotted lines are the approximate clamping fluences. 
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Figure S14. Optical limiting of 5 at the three wavelengths sampled [532 nm (black), 
570 nm (red) and 630 nm (blue)]. The sold line is the 70 % transmission trend and the 
dotted lines are the approximate clamping fluences. 
 
Figure S15. Optical limiting of C60 at the three wavelengths sampled [532 nm (black), 
570 nm (red) and 630 nm (blue)]. The solid line is the 70 % transmission trend and the 
dotted lines are the approximate clamping fluences. 
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Syntheses of Ir4(CO)6(η5-C5Me4H)2 and
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Reaction of Mo2Ir3(µ-CO)3(CO)6(η5-C5H5)2(η5-C5Me5) with
Ir(CO)2(η5-C5Me4H) afforded the four-valence-electron-de-
ficient butterfly cluster Ir4(CO)6(η5-C5Me4H)2; its stability has
been rationalized with the aid of density functional theory
calculations, which suggest that significant additional in-
tracluster bonding alleviates the formal electron deficiency.
Introduction
(Carbonyl)iridium cluster chemistry has been of long-
standing interest.[1] Iridium clusters with core nuclearities
from three to fourteen are extant, the most thoroughly
studied being tetranuclear clusters formally derived from
Ir4(CO)12 and hexanuclear clusters related to Ir6(CO)16.
Synthetic routes to iridium clusters have (not surprisingly)
employed iridium-containing precursors. For example,
mono- or diiridium complexes have been used to synthesize
triiridium clusters,[1b] while reductive carbonylation of irid-
ium-containing salts affords Ir4(CO)12,[2] a tetrahedral clus-
ter, which is itself a fertile source of other clusters.[1b,1c]
A thus far unexploited synthetic approach to iridium
clusters is to use heterometallic complexes with metal–irid-
ium bonds that are sufficiently weak that their cleavage may
afford suitably reactive fragments for the assembly of new
homometallic clusters; this is the reverse of the most widely
applied protocol for the construction of heterometallic clus-
ters, namely, introduction of a heterometal to a pre-formed
homometallic cluster. Heterometal removal is not likely to
have significant predictive utility, and the construction and
then cleavage of heterometallic bonds is overall not an
efficient synthetic protocol, but such an approach may en-
[a] Research School of Chemistry, Australian National University,
Canberra, ACT 2601, Australia
E-mail: Mark.Humphrey@anu.edu.au
chemistry.anu.edu.au/people/professor-mark-humphrey
Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejic.201500188.
Eur. J. Inorg. Chem. 2015, 2587–2591 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2587
Reaction ofMoIr4(CO)10(η5-C5H5)(η5-C5Me5)with [N(PPh3)2]-
[Ir(CO)4] afforded the capped octahedral cluster Ir7(µ3-CO)3-
(CO)12(η5-C5Me5), which possesses three semi-face-capping
CO ligands. These outcomes demonstrate that heterometallic
clusters may serve as a potential source of new homometallic
clusters following appropriate M–M! cleavage.
hance diversity and afford species inaccessible by conven-
tional methods. We report herein reactions of molybdenum-
iridium clusters with iridium-containing reagents that have
afforded the new homometallic clusters Ir4(CO)6(η5-
C5Me4H)2 (1) and Ir7(µ3-CO)3(CO)12(η5-C5Me5) (2), struc-
tural studies of 1 and 2, and theoretical studies of 1 ration-
alizing its unusual electron deficiency.
Results and Discussion
Reaction of Mo2Ir3(µ-CO)3(CO)6(η5-C5H5)2(η5-C5Me5)
with Ir(CO)2(η5-C5Me4H) afforded small amounts of an
unknown product.[3] After several weeks, crystals of 1 were
obtained (Scheme 1), an X-ray study of which afforded the
structure depicted in Figure 1, presumably from decomposi-
tion of the initial product. The different polyalkylcyclo-
pentadienyl ligands of the precursors serve to distinguish
the iridium atoms and thereby identify Ir(CO)2-
(η5-C5Me4H) as the origin of two iridium vertices of 1.[4]
Scheme 1. Synthesis of Ir4(CO)6(η5-C5Me4H) (1).
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Figure 1. Molecular structure of Ir4(CO)6(η5-C5Me4H)2 (1), with
thermal ellipsoids set at the 30% probability level. Hydrogen atoms
have been omitted for clarity. Selected bond lengths [Å]: Ir1–Ir2
2.6374(3), Ir1–Ir1A 2.7512(4), Ir1–Ir2A 2.6343(3), Ir1–C16
1.868(7), Ir2–C21 1.838(8), Ir2–C22 1.849(7). Symmetry operation
used to generate equivalent atoms A: –x, +y, 1/2 – z.
The Ir–Ir distances of the butterfly core of 1 are short,
but within the previously reported range; in contrast,
the Ir2···Ir2A vector is clearly non-bonding [4.1370(4) Å].
Ir2/Ir2A possess distorted square-planar geometries [maxi-
mum deviation from the refined least-squares plane through
Ir1, C21, C22, Ir1A, Ir2: 0.0096(0.0030) Å]. Cluster 1 pos-
sesses 4! 9(Ir) + 2! 5(η5-C5Me4H) + 6! 2(CO) =
58 CVE (cluster valence electrons), four fewer than the
62 CVE required by the EAN rule.[5] This electron de-
ficiency, the syn-disposed tetramethylcyclopentadienyl li-
gands at the sterically more constrained iridium atoms, and
the existence of the electron-precise tetrahedral cluster
Rh2Ir2(µ3-CO)2(µ-CO)(CO)4(η5-C5Me5)2[6] (the metal con-
tent of which is related to 1 by conceptual replacement of
two Ir atoms by Rh atoms), and which contains an extra
4 CVE arising from an additional CO ligand and M–M
bond, prompted a detailed theoretical study of 1 to ratio-
nalize its stability.
Cluster 1 is four-electrons-deficient, and so two CO li-
gands were added to afford a theoretical species with an
electron-precise composition for comparison. Addition of
one CO ligand to each wingtip iridium atom afforded the
lowest-energy 62 CVE geometry-optimized structure,
Ir4(CO)8(η5-C5Me4H)2 (3) [Figure S1; bond lengths and di-
hedral angles: Tables S1 (1) and S2 (3)]. Gibbs free energies
for the theoretical CO dissociation reaction 3 ! 1 + 2 CO
(Scheme S1) are ca. 0 kcal/mol (Table S3), consistent with
the observed stability of 1. The aforementioned Rh2Ir2
(µ3-CO)2(µ-CO)(CO)4(η5-C5Me5)2 (4), an electron-precise
tetrahedral cluster, was similarly evaluated to explore
whether or not an analogue of 1 may be accessible in the
Rh2Ir2 system (experimental structure: Figure S3; bond
lengths and dihedral angles: Table S4). Cleavage of the Ir–Ir
bond and removal of one CO ligand from 4 and geometry
optimization afforded Rh2Ir2(µ-CO)2(CO)4(η5-C5Me5)2 (5)
as the lowest-energy form (structure: Figure S4; bond
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lengths and dihedral angles: Table S5). Gibbs free energies
for the theoretical CO dissociation and bond cleavage reac-
tion 4 ! 5 + CO (Scheme S2) are strongly positive for all
methods employed (Table S6), consistent with the observed
stability of 4.
The foregoing calculations suggest that, at room tem-
perature, the isolated butterfly cluster 1 is stable, but the
potential analogue Rh2Ir2(µ-CO)2(CO)4(η5-C5Me5)2 (5) is
not, consistent with the thus far existing chemistry. Bond
critical points (BCPs: Table S7) were then examined to shed
light on the nature of the bonding. Ir2(µ-CO)2(η5-C5Me5)2
(6), with a formal Ir=Ir linkage (Figure S5), and Ir4(CO)12
(7), comprised solely of single bonds (Figure S6), were se-
lected to benchmark BCPs in the iridium system. For 6, the
BCP of the Ir=Ir bond is 0.0773 e/bohr3, while the BCP of
the Ir–Ir bond in 7 is 0.0600 e/bohr3. For 1, the BCP of the
Ir1–Ir1A bond is 0.0625 e/bohr3, and the BCPs of Ir1–Ir2/
Ir1A-Ir2A and Ir1–Ir2A/Ir1A-Ir2 are 0.0686 and 0.0694 e/
bohr3, respectively; thus, the latter bond interactions are
significantly larger than those of Ir1–Ir1A, possibly be-
tween single and double in nature. Electron counting as-
signs 19 valence electrons to Ir1/Ir1A and 15 electrons to
Ir2/Ir2A, so the MOs were examined to explore the pos-
sibility of strong donor(Ir1/Ir1A)–acceptor(Ir2/Ir2A) inter-
actions (Figure S8); the results are consistent with s and p
interactions at all Ir–Ir bonds and delocalized Ir4 interac-
tions alleviating the electron deficiency.
We then explored an alternative iridium-containing rea-
gent. Reaction of [N(PPh3)2][Ir(CO)4] with MoIr4(CO)10-
(η5-C5H5)(η5-C5Me5) in refluxing tetrahydrofuran afforded
Ir7(µ3-CO)3(CO)12(η5-C5Me5) (2) (Scheme 2, Figure 2);[7]
the 19% yield is noteworthy, given the bond cleavage/forma-
tion required.
Scheme 2. Synthesis of Ir7(µ-CO)3(CO)12(η5-C5Me5) (2). Dashed
lines indicate the weak bonding interactions of the semi-face-cap-
ping CO ligands.
The metal core of 2 possesses a capped octahedral geom-
etry, with Ir–Ir distances within precedent lengths. The cap-
ping iridium atom is ligated by a pentamethylcyclopenta-
dienyl ligand, the cluster coordination being completed by
twelve terminal and three bridging carbonyl ligands. Cluster
2 possesses 7! 9(Ir) + 5(η5-C5Me5) + 15! 2(CO) =
98 CVE, electron-precise by polyhedral skeletal electron
pair theory for a capped octahedral cluster.[8] An unusual
feature of the structure of 2 is the presence of three semi-
face-capping carbonyl ligands, i.e. three CO groups unsym-
metrically bound to a trimetallic face of a cluster.
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Figure 2. Molecular structure of Ir7(µ3-CO)3(CO)12(η5-C5Me5) (2),
with thermal ellipsoids set at the 30% probability level. Hydrogen
atoms and the lattice chloroform molecule have been omitted for
clarity. Dashed lines indicate the weak bonding interactions of the
semi-face-capping CO ligands. Selected bond lengths [Å]: Ir1–Ir2
2.7913(9), Ir1–Ir3 2.7807(10), Ir1–Ir4 2.7287(9), Ir1–Ir5 2.8200(9),
Ir2–Ir3 2.7937(9), Ir2–Ir5 2.7458(9), Ir2–Ir6 2.7955(9), Ir3–Ir4
2.8026(9), Ir3–Ir6 2.7326(9), Ir4–Ir5 2.7776(8), Ir4–Ir6 2.7954(8),
Ir4–Ir7 2.7359(8), Ir5–Ir6 2.7801(8), Ir5–Ir7 2.7729(9), Ir6–Ir7
2.7247(8), Ir1–C11 1.88(2), Ir1–C12 1.88(2), Ir1–C14 2.10(2),
Ir1···C125 2.601(19), Ir2–C21 1.87(2), Ir2–C22 1.88(2), Ir2–C125
2.06(2), Ir2···C236 2.687(19), Ir3–C31 1.89(2), Ir3–C32 1.87(2),
Ir3–C236 2.06(2), Ir3···C14 2.665(19), Ir4–C41 1.871(19), Ir4–C42
1.87(2), Ir4–C14 2.134(18), Ir5–C51 1.88(2), Ir5–C52 1.891(19),
Ir5–C125 2.14(2), Ir6–C61 1.848(17), Ir6–C62 1.92(2), Ir6–C236
2.094(18).
Conclusions
Two reactions of molybdenum-iridium clusters with irid-
ium-containing reagents have afforded clusters thus far un-
observed in the corresponding homometallic chemistry.
While this methodology lacks predictive merit or broad ap-
plicability, and the products of the reactions are obtained in
variable yields, the clusters obtained have unusual features.
Ir7(µ3-CO)3(CO)12(η5-C5Me5) (2) possesses three semi-face-
capping CO ligands and is synthesized in fair yield.
Ir4(CO)6(η5-C5Me4H) (1) is a “rule breaker”, being for-
mally very electron-deficient; theoretical studies suggest
that it is presumably stabilized by significant intracluster
multiple Ir–Ir bonding.
Experimental Section
General Considerations: Reactions were performed under nitrogen
by using standard Schlenk techniques. Tetrahydrofuran and toluene
used in reactions were AR grade and were distilled under nitrogen
from sodium benzophenone ketyl; all other solvents were used as
received. Petroleum ether refers to a fraction of boiling range 60–
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80 °C. Cluster products were purified by preparative thin-layer
chromatography (TLC) on 20!20 cm glass plates coated with
Merck GF254 silica gel (0.5 mm). Analytical TLC was conducted
on aluminum sheets coated with 0.25 mm Merck GF254 silica gel.
Literature procedures were used to synthesizeMo2Ir3(µ-CO)3(CO)6-
(η5-C5H5)2(η5-C5Me5),MoIr4(CO)10(η5-C5H5)(η5-C5Me5),Ir(CO)2-
(η5-C5Me4H)[9] and [N(PPh3)2][Ir(CO)4].[10]
Instrumentation: Infrared spectra were recorded with PerkinElmer
System 2000 or Spectrum One FT-IR spectrometers by using a
CaF2 cell. Spectral features are reported in cm–1. IR spectra were
recorded in AR grade cyclohexane or CH2Cl2 solvents. The 1H
NMR spectrum was recorded with a Varian Gemini-300 spectrom-
eter at 300 MHz in CDCl3 (Cambridge Isotope Laboratories) and
referenced to residual non-deuterated solvent (δ = 7.26 ppm). Unit-
and high-resolution ESI mass spectra were recorded with a Micro-
mass-Waters LC-ZMD single quadrupole liquid chromatograph–
MS instrument. The mass spectrum of 2 is reported in the form:
m/z (relative intensity) [assignment].
Synthesis of Ir4(CO)6(η5-C5Me4H)2 (1): Mo2Ir3(µ-CO)3(CO)6-
(η5-C5H5)2(η5-C5Me5) (7.0 mg, 5.4 µmol) and Ir(CO)2(η5-C5Me4H)
(6.4 mg, 17 µmol) were dissolved in toluene (ca. 5 mL) and stirred
at 80 °C for 16 h. At this point, no new species were observed in
the solution by TLC; consequently, the reaction mixture was stirred
at reflux for a further 5.5 h. The solvent was removed by rotary
evaporation, and the crude solid was dissolved in minimal CH2Cl2
and applied to a preparative silica TLC plate with CH2Cl2 as elu-
ent, affording four bands. The first (Rf = 0.89, orange), second (Rf
= 0.58, light brown) and third (Rf = 0.21, brown) bands appeared
only in trace amounts and consequently were not extracted. The
contents of the fourth and main band (Rf = 0.17, dark brown) were
extracted with CH2Cl2 and reduced in volume, producing a dark
brown solid (1.9 mg). IR (CH2Cl2): ν˜(CO) = 2021 (m), 2004 (s),
1991 (w), 1962 (w), 1948 (m), 1924 (w) cm–1. HR-MS (ESI): calcd.
for C37H37Ir4Mo2O9 [M]+ 1588.903; found 1588.9114 (presumed
[M]+). Crystallization by liquid diffusion of methanol into a
CH2Cl2 solution afforded, after a number of weeks at ca. 3 °C,
several small crystals of Ir4(CO)6(η5-C5Me4H)2 (1) suitable for a
single-crystal X-ray diffraction study. IR (n-hexane): ν˜(CO) = 2028
(s), 1953 (w), 1895 (m) cm–1. Insufficient material precluded micro-
analysis.
Synthesis of Ir7(µ3-CO)3(CO)12(η5-C5Me5) (2): [N(PPh3)2][Ir(CO)4]
(12.1 mg, 14.3 µmol) was added to a solution of MoIr4(CO)10(η5-
C5H5)(η5-C5Me5) (8.2 mg, 6.1 µmol) in tetrahydrofuran (7 mL),
and the resultant mixture was heated at reflux for 1 h, the extent
of reaction being monitored by IR spectroscopy. The solution was
taken to dryness in vacuo, and the crude residue dissolved in the
minimum amount of CH2Cl2 and applied to preparative silica TLC
plates. Elution with CH2Cl2/petroleum ether (3:2) afforded approxi-
mately 10 bands. The contents of the major band (Rf = 0.6, brown)
were extracted with CH2Cl2 and reduced in volume to afford a
brown solid, identified as Ir7(µ3-CO)3(CO)12(η5-C5Me5) (2)
{1.7 mg, 0.89 µmol, 19% assuming product formed from
MoIr4(CO)10(η5-C5H5)(η5-C5Me5) + 3[N(PPh3)2][Ir(CO)4]}. IR
(CH2Cl2): ν˜(CO) = 2086 (w), 2067 (m), 2045 (vs), 2009 (w), 1827
(w) cm–1. 1H NMR (CDCl3): δ = 1.85 (s, 15 H, C5Me5). MS (ESI):
calcd. for C24H15Ir7O14 1902 ([M]+); found 1925 (90) [M + Na]+,
1902 (90) [M]+, 1874 (50) [M – CO]+, 1846 (100) [M – 2 CO]+, 1818
(30) [M – 3 CO]+. Insufficient material precluded microanalysis.
X-ray Crystallographic Studies: General Considerations: Crystals
suitable for the X-ray structural analyses were grown by liquid dif-
fusion of methanol into a CH2Cl2 solution (1) or ethanol into a
chloroform solution (2). Intensity data were collected with an En-
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raf–Nonius KAPPA CCD at 200 K by using Mo-Kα radiation (λ =
0.7170 Å). Suitable crystals were immersed in viscous hydrocarbon
oil and mounted on glass fibers that were mounted on the dif-
fractometer. Using ψ and ω scans, Nt (total) reflections were mea-
sured, which were reduced to No unique reflections, with Fo !
2σ(Fo) being considered “observed”. Data were initially processed
and corrected for absorption by using the programs DENZO[11]
and maXus.[12] The structures were solved by direct methods, and
observed reflections were used in least-squares refinement on F2,
with anisotropic thermal parameters refined for non-hydrogen
atoms. Hydrogen atoms were constrained in calculated positions
and refined with a riding model. Structure solutions and refine-
ments were performed by using the program CRYSTALS.[13]
Olex2[14] was used to generate the figures. Crystal Data for 1:
C24H26Ir4O6, M = 1179.35, red prism, 0.18"0.09"0.05 mm, mo-
noclinic, space group C2/c (no. 15), a = 18.6767(5), b = 8.2105(3),
c = 17.7929(4) Å, β = 104.0221(16)°, V = 2647.15(14) Å3, Z = 4,
Dc = 2.959 g/cm3, F(000) = 2104, µ = 20.08 mm–1, 2θmax = 57.4°,
30589 reflections collected, 3419 unique. Final GoF = 1.009, R1 =
0.0297, wR2 = 0.0616, R indices based on 2795 reflections with
I!2σ(I) (refinement on F2), 154 parameters, 0 restraints. Crystal
Data for 2: C25H15Ir7O15·CHCl3, M = 2020.30, brown plate,
0.13"0.13"0.02 mm, monoclinic, space group P21/c (no. 14), a =
15.6050(2), b = 9.5705(2), c = 25.2703(4) Å, β = 105.2951(11)°, V
= 3640.38(11) Å3, Z = 4, Dc = 3.686 g/cm3, F(000) = 3528, µ =
25.770 mm–1, 2θmax = 50.1°, 49035 reflections collected, 6430
unique. Final GoF = 1.018, R1 = 0.0451, wR2 = 0.1112, R indices
based on 5338 reflections with I!2σ(I) (refinement on F2), 460
parameters, 0 restraints. In both 1 and 2, the largest peaks in the
final difference electron map are located near the iridium atoms.
CCDC-1038017 (for 2) and -1038018 (for 1) contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Computational Studies: Computational studies were carried out by
using the Amsterdam Density Functional (ADF) program, version
2013.[15] Calculations were executed on the raijin supercomputer
housed at the ANU Supercomputer Facility and operated under
the National Computer Infrastructure scheme. The calculations
employed all-electron basis sets of triple-ζ quality with a single po-
larization function (TZP), spin-unrestricted on each atom. Relativ-
istic effects were accounted for by using the zero-order relativistic
approximation (ZORA).[16] Geometry-optimized calculations were
carried out with gradient-corrected exchange–correlation function-
als (generalized gradient approximation: GGA), suggested by BP[17]
or PBE,[18] in a self-consistent fashion. BP or PBE optimizations
were repeated with the inclusion of solvent effects through the con-
ductor-like screening model (COSMO) method by using param-
eters appropriate to solvation by dichloromethane.[19] Gibbs free
energy data were obtained through frequency calculations.[20] Elec-
tron densities at the bond critical points were calculated by using
the Bader quantum theory of atoms in molecules (QTAIM)
model.[21]
Acknowledgments
We thank the Australian Research Council (ARC) for financial
support. J. F. is the recipient of a China Scholarship Council ANU
Postgraduate Scholarship, M. D. R. was the recipient of an Austra-
lian Postgraduate Award, M. P. C. holds an ARC Australian Re-
search Fellowship, and M. G. H. held an ARC Australian Professo-
rial Fellowship.
Eur. J. Inorg. Chem. 2015, 2587–2591 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2590
[1] a) G. J. Leigh, R. L. Richards in Comprehensive Organometallic
Chemistry (Eds.: G. Wilkinson, F. G. A. Stone, E. Abel), Perga-
mon, Oxford, U. K. 1982, chapter 5.36, pp. 541–628; b) C. E.
Barnes in Comprehensive Organometallic Chemistry II (Eds.: G.
Wilkinson, F. G. A. Stone, E. W. Abel), Pergamon, Oxford,
U. K. 1995, chapter 8.4, pp. 419–520; c) M. Peruzzini, C. Bian-
chini, L. Gonsalvi in Comprehensive Organometallic Chemistry
III (Eds.: R. Crabtree, D. M. P. Mingos), Elsevier, Oxford,
U. K. 2006, chapter 7.04, pp. 267–425.
[2] R. Della Pergola, L. Garlaschelli, S. Martinengo, J. Organomet.
Chem. 1987, 331, 271–274.
[3] a) The high-resolution mass spectral signal at m/z = 1588.911
(see Exp. Sect.) is most likely consistent with [Mo2Ir4(CO)9-
(C5H5)2(C5Me4H)2 + H]+ (1588.903), which would necessitate
a core expansion to form Mo2Ir4(µ-CO)3(CO)6(η5-C5H5)2(η5-
C5Me5)(η5-C5Me4H), followed by a vertex replacement of
Ir(η5-C5Me5) by Ir(η5-C5Me4H); a precedent exists for the lat-
ter in the group 6-iridium cluster system,[3b] but further specu-
lation is not warranted; b) A. J. Usher, N. T. Lucas, G. T. Dal-
ton, M. D. Randles, L. Viau, M. G. Humphrey, S. Petrie, R.
Stranger, A. C. Willis, A. D. Rae, Inorg. Chem. 2006, 45,
10859–10872.
[4] Ir(CO)2(η5-C5Me4H) is probably not the sole source of 1;
cyclopentadienyl ligands are generally strongly bound to irid-
ium atoms, rendering the monometallic reagent an unlikely
source of the remaining two vertices, and attempts to synthe-
size 1 by thermolysis of Ir(CO)2(η5-C5Me4H) were unsuccess-
ful. Note that Mo2Ir3(µ-CO)3(CO)6(η5-C5H5)2(η5-C5Me5) was
recovered unchanged after being heated in refluxing toluene
for 2 d.
[5] At the level of the individual iridium atoms, this localized
bonding perspective assigns 19 electrons to each of Ir1 and
Ir1A, but only 15 electrons to each of Ir2 and Ir2A.
[6] L. J. Farrugia, A. G. Orpen, F. G. A. Stone, Polyhedron 1983,
2, 171–173.
[7] Similar reactions of [N(PPh3)2][Ir(CO)4] with Mo2Ir3(CO)9-
(η5-C5H5)2(η5-C5Me5), MoIr3(µ-CO)3(CO)8(η5-C5H5) or
Mo2Ir2(µ-CO)3(CO)7(η5-C5H5)2 in a range of solvents (di-
chloromethane, tetrahydrofuran, toluene) failed to afford any
identifiable cluster products.
[8] Two heptairidium clusters with capped octahedral cluster cores
have been previously reported: a) Ir7(µ3-η2-C8H10)(µ-η2-
C8H11)(µ-CO)(CO)11(η4–1,5-C8H12): C. G. Pierpont, Inorg.
Chem. 1979, 18, 2972–2977; b) Ir7(µ3-κ2-P,C-PPhC6H4)-
(µ-CO)(µ-PPh2)(CO)13: M. H. de Araujo, M. D. Vargas, D.
Braga, F. Grepioni, Polyhedron 1998, 17, 2865–2875.
[9] M. D. Randles, P. V. Simpson, V. Gupta, J. Fu, G. J. Moxey, T.
Schwich, A. L. Criddle, S. Petrie, J. G. MacLellan, S. R. Batten,
R. Stranger, M. P. Cifuentes, M. G. Humphrey, Inorg. Chem.
2013, 52, 11256–11268.
[10] L. Garlaschelli, R. della Pergola, S. Martinengo, Inorg. Synth.
1990, 28, 211–215.
[11] Z. Otwinowski, W. Minor, Methods Enzymol. 1997, 276, 307–
326.
[12] S. Mackay, C. J. Gilmore, C. Edwards, N. Stewart, K. Shank-
land, maXus: Computer Program for the Solution and Refine-
ment of Crystal Structures, Nonius, The Netherlands, MacSci-
ence Japan, and The University of Glasgow, 2000.
[13] P. W. Betteridge, J. R. Carruthers, R. I. Cooper, K. Prout, D. J.
Watkin, J. Appl. Crystallogr. 2003, 36, 1487.
[14] O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard,
H. Puschmann, J. Appl. Crystallogr. 2009, 42, 339–341.
[15]ADF2013, SCM Theoretical Chemistry, Vrije Universiteit, Am-
sterdam, The Netherlands; http://www.scm.com.
[16] E. van Lenthe, A. E. Ehlers, E. J. Baerends, J. Chem. Phys.
1999, 110, 8943–8953.
[17] a) A. D. Becke, Phys. Rev. A 1998, 38, 3098–3100; b) J. P. Per-
dew, Phys. Rev. B 1986, 33, 8822–8824.
	   233	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
www.eurjic.org FULL PAPER
[18] a) J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996,
77, 3865–3868; b) J. P. Perdew, K. Burke, M. Ernzerhof, Phys.
Rev. Lett. 1997, 78, 1396.
[19] a) A. Klamt, G. Schuurmann, J. Chem. Soc. Perkin Trans. 2
1993, 799–805; b) J. Andzelm, C. Kolmel, A. Klamt, J. Chem.
Phys. 1995, 103, 9312–9320.
[20] a) M. Swart, E. Rösler, F. M. Bickelhaupt, J. Comput. Chem.
2006, 27, 1486–1493; b) M. Swart, F. M. Bickelhaupt, J. Chem.
Theory Comput. 2006, 2, 281–287.
Eur. J. Inorg. Chem. 2015, 2587–2591 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2591
[21] a) R. F. W. Bader, Atoms in Molecules: A Quantum Theory,
Clarendon: Oxford, U. K., 1990; b) F. Cortes´-Guzman´,
R. F. W. Bader, Coord. Chem. Rev. 2005, 249, 633–662.
Received: February 23, 2015
Published Online: April 27, 2015
	   234	  
! S1!
Eur. J. Inorg. Chem. 2015 · ISSN 10990682 
 
SUPPORTING INFORMATION 
 
DOI: 10.1002/ejic.201500188 
Title: Syntheses! of! Ir4(CO)6(5=C5Me4H)2! and! Ir7(3=CO)3(CO)12(5=C5Me5)! from! Pentametallic!
Molybdenum=Iridium!Cluster!Precursors 
Author(s): Junhong!Fu,!Michael!D.!Randles,!Alan!L.!Criddle,!Graeme!J.!Moxey,!Torsten!Schwich,!Robert!
Stranger,!Marie!P.!Cifuentes,!Mark!G.!Humphrey* 
!
!
! S2!
Table&of&contents&
&
Figure!S1! Geometry optimized Ir4(CO)8(5-C5Me4H)2 (3)                                                                     S3!
Figure!S2! X-ray crystal structure of Ir4(CO)6(5-C5Me4H)2 (1)                                                              S3!
Table!S1! Bond distances (Å) and dihedral angles (°) obtained from different methods for 1              S4!
Table!S2! Bond distances (Å) and dihedral angles (°) obtained from different methods for 3              S4!
Scheme!S1! Carbonyl!dissociation!of!3!to!1!and!two!equivalents!of!CO!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!S5!
Table!S3! Methods and calculated Gibbs energies of the CO dissociation reaction in Scheme S1       S5!
Figure!S3! X-ray crystal structure of Rh2Ir23-CO)2-CO)(CO)4(5-C5Me5)2  (4)                                S6!
Table!4! Bond!distances!(Å)!and!dihedral!angles!(°)!obtained!from!different!methods!for!4!after!
geometry!optimization!in!Cs!symmetry!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!S6!
Figure!S4! Geometry optimized Rh2Ir2-CO)2(CO)4(5-C5Me5)2  (5) in C2 symmetry.                         S7!
Table!S5! Bond distances (Å) and dihedral angle  (°) obtained from different methods for 5 after 
geometry optimization                                                                                                            S7!
Scheme S2! Bond cleavage and carbonyl dissociation of 4 to afford 5 and one equivalent of CO           S8 
Table S6! Methods and calculated Gibbs energies of the bond cleavage and CO dissociation reaction in 
Scheme S2                                                                                                                              S8!
Figure S5! X-ray crystal structure of Ir2-CO)2(5-C5Me5)2  (6)                                                             S9!
Figure S6! X-ray crystal structure of Ir4(CO)12 (7)                                                                                  S9!
Figure S7! Electron density at the bond critical points shown in blue calculated by the quantum theory 
of atoms in molecules (QTAIM) method using the geometry-optimized structure of 1 and 
the BP method                                                                                                                      S10 
Table S7! Selected Ir-Ir bond electron densities at bond critical points calculated by the QTAIM 
method ..                                                                                                                               S10!
Figure!S8! Molecular orbitals of 1                                                                                                  S11MS12!
Table!S8! Free!energy!data!!                                                                                                          S13MS15!
Table!S9! Frequency!calculation!data!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!S16MS18!
Table!S10!! Calculated!bond!energies!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!S18!
Table!S11! Calculated!frequencies!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!S19MS23!!!!!!!!
References! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!S24!!
!
!
!
	   235	  
! S3!
!!
Figure S1. Geometry optimized Ir4(CO)8(5-C5Me4H)2 (3) in C2 symmetry. Hydrogen atoms have been 
omitted for clarity.  
 
!
 
Figure S2. X-ray crystal structure of Ir4(CO)6(5-C5Me4H)2 (1). Hydrogen atoms have been omitted for 
clarity. 
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Table S1. Bond distances (Å) and dihedral angles (°) obtained from different methods for 1 following 
geometry optimization (XRD: results from single-crystal X-ray diffraction study; sol: solvent corrections 
(dichloromethane) employed using COSMO).  
1 XRD BP PBE BP/sol PBE/sol 
Ir1-Ir1A  2.7512(4) 2.796 2.787 2.808 2.794 
Ir2-Ir2A 4.1370(4) 4.319 4.307 4.308 4.345 
Ir1-Ir2/Ir1A-Ir2A 2.6374(3) 2.678 2.676 2.681 2.678 
Ir1A-Ir2/Ir1-Ir2A 2.6343(3) 2.675 2.674 2.672 2.673 
Dihedral (Ir2-Ir1A-
Ir1-Ir2A) 133.8 142.2 141.2 142.0 144.4 
 
Table S2. Bond distances (Å) and dihedral angles (°) obtained from different methods for 3 following 
geometry optimization (sol: solvent corrections (dichloromethane) employed using COSMO).  
3 BP PBE BP/sol PBE/sol 
Ir1-Ir3 2.853 2.838 2.857 2.845 
Ir2-Ir4 4.690 4.678 4.688 4.647 
Ir1-Ir2/Ir3-Ir4 2.877 2.863 2.876 2.853 
Ir1-Ir4/Ir3-Ir2 2.757 2.758 2.761 2.753 
Dihedral (Ir2-Ir3-
Ir1-Ir4) 149.6 149 149.3 148.1 
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Scheme S1. Carbonyl dissociation of 3 to 1 and two equivalents of CO. 
Table S3. Methods and calculated Gibbs energies of the CO dissociation reaction in Scheme S1 (T = 
298.15 K; sol: solvent corrections (dichloromethane) employed using COSMO).  
Method 
T 
(kCal/mol) 
H  
(kCal/mol) 
G 
(kCal/mol) 
BP 21.830 20.714 -1.116 
PBE 21.838 26.071 4.233 
BP/sola 19.727 17.167 -2.560 
PBE/sola 23.038 24.204 1.166 
 
The average of the calculated o is 1.723 kCal/mol, and all values of o by the 
different methods are close to 0 kCal/mol, so o  kCal/mol, while [(CO)g]   at 
298.15 K, so: 
 
consistent with the observation of the butterfly cluster Ir4(CO)6(5-C5Me4H)2 (1) as a 
stable compound under ambient conditions.  
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Figure S3. X-ray crystal structure of Rh2Ir23-CO)2-CO)(CO)4(5-C5Me5)2  (4). Hydrogen atoms have 
been omitted for clarity. 
Table S4. Bond distances (Å) and dihedral angles (°) obtained from different methods for 4 after geometry 
optimization in Cs symmetry (XRD: results from single-crystal X-ray diffraction study;S1 sol: solvent 
corrections (dichloromethane) employed using COSMO).  
4 XRD BP PBE BP/sol PBE/sol 
Rh1-Rh2 2.704(1) 2.747 2.739 2.747 2.730 
Ir1-Ir2 2.645(1) 2.707 2.704 2.708 2.704 
Rh1-Ir1 2.716(1) 2.771 2.767 2.781 2.776 
Rh1-Ir2 2.731(1) 2.771 2.767 2.781 2.776 
Rh2-Ir1 2.787(1) 2.838 2.834 2.849 2.841 
Rh2-Ir2 2.786(1) 2.838 2.834 2.849 2.841 
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Figure S4. Geometry optimized Rh2Ir2-CO)2(CO)4(5-C5Me5)2  (5) in C2 symmetry. Hydrogen atoms 
have been omitted for clarity. 
Table S5. Bond distances (Å) and dihedral angle  (°) obtained from different methods for 5 after geometry 
optimization (sol: solvent corrections (dichloromethane) employed using COSMO).  
5 BP PBE BP/sol PBE/sol 
Rh1-Rh2 2.838 2.830 2.845 2.834 
Ir1-Ir2 4.077 4.065 4.081 4.075 
Rh1-Ir1/ Rh2-Ir2 2.643 2.640 2.648 2.642 
Rh1-Ir2/ Rh2-Ir1 2.632 2.630 2.635 2.632 
Rh1-C11/Rh2-C22 1.922 1.920 1.916 1.915 
Ir1-C11/Ir2-C22 2.195 2.187 2.185 2.180 
Dihedral (Ir1-Rh2-Rh1-Ir2) 132.9 132.2 133.0 132.8 
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Scheme S2. Bond cleavage and carbonyl dissociation of 4 to afford 5 and one equivalent of CO.  
Table S6. Methods and calculated Gibbs energies of the bond cleavage and CO dissociation reaction in 
Scheme S2 (T = 298.15 K; sol: solvent corrections (dichloromethane) employed using COSMO). 
Method 
S 
(kcal/mol) 
H  
(kcal/mol) 
G 
(kcal/mol) 
BP 13.659 50.638 36.979 
PBE  14.833 56.114 42.281 
BP/sol 13.023 48.119 35.096 
PBE/sol 10.799 53.148 42.349 
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Figure S5. X-ray crystal structure of Ir2-CO)2(5-C5Me5)2  (6). Hydrogen atoms have been omitted for 
clarity.S2 
 
 
Figure S6. X-ray crystal structure of Ir4(CO)12 (7). Hydrogen atoms have been omitted for clarity.S3 
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Figure S7. Electron density at the bond critical points shown in blue calculated by the quantum theory of 
atoms in molecules (QTAIM) method using the geometry-optimized structure of 1 and the BP method. 
 
Table S7. Selected Ir-Ir bond electron densities at bond critical points calculated by the QTAIM method 
using the geometry-optimized structure of 1 (C2 symmetry), 5 (C2 symmetry) and 6 (Td symmetry) and the 
BP method (XRD: X-ray crystal structure).  
Bond XRD (Å) Calculated (Å) BCPs 
(e/bohr3) 
1    
Ir1-Ir1a 2.7512(4) 2.729 0.0625 
Ir1-Ir2/Ir1a-Ir2a 2.6374(3) 2.624 0.0686 
Ir1-Ir2a/Ir1a-Ir2 2.6343(3) 2.615 0.0694 
6    
Ir=Ir 2.554(1) 2.537 0.0773 
7     
Ir-Ir 2.693 
average 
2.735 0.0600 
 
 
!"#$
!"#%$
!"&%$ !"#$
!"!#$#%
!"!#&'%
!"!#&'%
!"!#$#%
S10 
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LUMO, -2.74 eV HOMO, -5.06 eV HOMO-1, -5.08 eV HOMO-2, -5.22 eV 
 
 
  
HOMO-3, -5.48 eV HOMO-4, -5.50 eV HOMO-6, -5.74 eV HOMO-7, -5.78 eV 
    
HOMO-9 -6.44 eV HOMO-10, -6.50 eV HOMO-12, -6.81 eV HOMO-13, -6.96 eV 
    
HOMO-14, -7.16 eV HOMO-15, -7.19 eV HOMO-16, -7.60 eV HOMO-17, -7.73 eV 
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HOMO-18, -7.76 eV HOMO-19, -8.21 eV HOMO-20, -8.32 eV  
Figure S8. Molecular orbitals of 1 (determined by geometry-optimized calculations). The orbitals are 
consistent with no bonding between Ir2 and Ir2A (HOMO, HOMO-1), bonding between Ir2 and Ir1, Ir2 
and Ir1A, Ir2A and Ir1, and Ir2A and Ir1A (HOMO-16), -bonding interactions between Ir2 and Ir1, Ir2 
and Ir1A, Ir2A and Ir1, and Ir2A and Ir1A (HOMO-2, HOMO-7, HOMO-10, HOMO-13, HOMO-14, 
HOMO-15, HOMO-17), electron donation from CO to Ir to reduce electron unsaturation at Ir2 and Ir2A 
(HOMO-4, 6, 7, 15), a delocalized 4-center interaction about the Ir4 core of the molecule with a node along 
the Ir1-Ir1A vector (HOMO-3, HOMO-12, HOMO-19), a delocalized 4-center interaction about the Ir4 core 
of the molecule with a node along the Ir2-Ir2A vector (LUMO, HOMO-9), a fully delocalized 4-center 
interaction about the Ir4 core (HOMO-20, HOMO-18), -bonding interactions between Ir1 and Ir1A 
(HOMO-4, HOMO-6), and -bonding interactions between Ir1 and Ir1A (HOMO-18). 
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Table S8. Free energy data 
Ir4(CO)8(5-C5HMe4)2 (3) 
Ir4(CO)6(5-C5HMe4)2 (1) 
   
BP/TZP/core none/ZORA 
  
 E(internal) Entropy T.S E(bond energy) Enthalpy Free energy 
 kcal/mol cal/mol.K-1 kcal/mol kcal/mol kcal/mol kcal/mol 
3 309.583 280.036 83.493 -9476.92 -9166.745 -9250.238 
1 296.997 258.766 77.151 -8776.77 -8479.181 -8556.332 
CO 4.493 47.244 14.086 -338.51 -333.425 -347.511 
2CO   28.172  -666.850 -695.022 
       
   21.830  20.714 -1.116 
   
BP/TZP/core none/ZORA/sol 
  
 E(internal) Entropy T.S E(bond energy) Enthalpy Free energy 
 kcal/mol cal/mol.K-1 kcal/mol kcal/mol kcal/mol kcal/mol 
3 308.651 282.781 84.311 -9485.48 -9176.237 -9260.548 
1 295.58 254.462 75.868 -8787.16 -8490.988 -8566.856 
CO 4.487 47.242 14.085 -339.12 -334.041 -348.126 
2CO   28.170  -668.082 -696.252 
       
      19.727  17.167 -2.560 
 
     
PBE/TZP/core none/ZORA 
    
  E(internal) Entropy T.S E(bond energy) Enthalpy Free energy 
  kcal/mol cal/mol.K-1 kcal/mol kcal/mol kcal/mol kcal/mol 
3 309.855 278.819 83.130 -9605.37 -9294.923 -9378.053 
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1 297.218 257.573 76.795 -8897.18 -8599.370 -8676.165 
CO 4.497 47.245 14.086 -339.83 -334.741 -348.827 
2CO   28.172  -669.482 -697.654 
    T    
    21.838  26.071 4.233 
 
     
PBE/TZP/core none/ZORA/sol 
    
 E(internal) Entropy T.S E(bond energy) Enthalpy Free energy 
 kcal/mol cal/mol.K-1 kcal/mol kcal/mol kcal/mol kcal/mol 
3 308.283 276.398 82.408 -9613.81 -9304.935 -9387.343 
1 296.481 259.184 77.276 -8907.11 -8610.037 -8687.313 
CO 4.491 47.242 14.085 -340.43 -335.347 -349.432 
2CO   28.170  -670.694 -698.864 
       
   23.038  24.204 1.166 
 
Rh2Ir23-CO)2-CO)(CO)45-C5Me5)2  (4) 
Rh2Ir2-CO)2(CO)45-C5Me5)2  (5) 
     
 
BP/TZP/core none/ZORA 
    
 E(internal) Entropy T.S E(bond energy) Enthalpy Free energy 
 kcal/mol cal/mol.K-1 kcal/mol kcal/mol kcal/mol kcal/mol 
4 336.55 265.534 79.169 -9829.6 -9492.458 -9571.627 
5 331.293 264.104 78.743 -9440.28 -9108.395 -9187.138 
CO 4.493 47.244 14.086 -338.51 -333.425 -347.511 
       
   13.659  50.638 36.979 
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BP/TZP/core none/ZORA/COSMO 
    
 E(internal) Entropy T.S E(bond energy) Enthalpy Free energy 
 kcal/mol cal/mol.K-1 kcal/mol kcal/mol kcal/mol kcal/mol 
4 335.487 268.091 79.931 -9835.47 -9499.391 -9579.322 
5 330.337 264.527 78.869 -9448.16 -9117.231 -9196.100 
CO 4.487 47.242 14.085 -339.12 -334.041 -348.126 
       
   13.023  48.119 35.096 
 
   
PBE/TZP/core none/ZORA 
  
 E(internal) Entropy T.S E(bond energy) Enthalpy Free energy 
 kcal/mol cal/mol.K-1 kcal/mol kcal/mol  kcal/mol kcal/mol 
4 336.88 263.925 78.689 -9962.77 -9625.298 -9703.987 
5 331.575 263.075 78.436 -9566.61 -9234.443 -9312.879 
CO 4.497 47.245 14.086 -339.83 -334.741 -348.827 
       
   13.833  56.114 42.281 
 
     
PBE/TZP/core none/ZORA 
    
 E(internal) Entropy T.S E(bond energy) Enthalpy Free energy 
 kcal/mol cal/mol.K-1 kcal/mol kcal/mol kcal/mol kcal/mol 
4 336.405 274.789 81.928 -9968.68 -9631.683 -9713.611 
5 330.63 263.767 78.642 -9574.41 -9243.188 -9321.830 
CO 4.491 47.242 14.085 -340.43 -335.347 -349.432 
       
   10.799  53.148 42.349 
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Table S9. Frequency calculation data (all methods with TZP/core none/ZORA) 
 
1 bp Translation Rotation Vibration     Total 
Entropy (cal/mol K-1) 298.15 K                          47.080     36.172    175.514    258.766 
Internal Energy (kcal/mol)                  0.889      0.889      295.220    296.997 
3 bp     
Entropy (cal/mol K-1) 298.15 K                             47.218 36.568 196.251 280.036 
Internal Energy (kcal/mol)                     0.889 0.889 307.806 309.583 
1 bp/sol     
Entropy (cal/mol K-1) 298.15 K                             47.080 36.178 171.204 254.462 
Internal Energy (kcal/mol)                     0.889 0.889 293.803 295.580 
3 bp/sol     
Entropy (cal/mol K-1) 298.15 K                             47.218 36.569 198.994 282.781 
Internal Energy (kcal/mol)                     0.889 0.889 306.874 308.651 
1 pbe     
Entropy (cal/mol K-1) 298.15 K                             47.080 36.156 174.337 257.573 
Internal Energy (kcal/mol)                     0.889 0.889 295.441 297.218 
3 pbe     
Entropy (cal/mol K-1) 298.15 K                             47.218 36.551 195.050 278.819 
Internal Energy (kcal/mol)                     0.889 0.889 308.077 309.855 
1 pbe/sol     
Entropy (cal/mol K-1) 298.15 K                            47.080 36.163 175.940 259.184 
Internal Energy (kcal/mol)  0.889 0.889 294.704 296.481 
3 pbe/sol     
Entropy (cal/mol K-1) 298.15 K                            47.218 37.919 191.261 276.398 
Internal Energy (kcal/mol)  0.889 0.889 306.506 308.283 
4 bp Translation Rotation Vibration     Total 
Entropy (cal/mol K-1) 298.15 K                             46.750 37.597 181.187 265.534 
Internal Energy (kcal/mol)                     0.889 0.889 334.773 336.550 
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5 bp     
Entropy (cal/mol K-1) 298.15 K                             46.670 36.219 181.215 264.104 
Internal Energy (kcal/mol)                     0.889 0.889 329.516 331.293 
4 bp/sol     
Entropy (cal/mol K-1) 298.15 K                             46.750 37.605 183.736 268.091 
Internal Energy (kcal/mol)                     0.889 0.889 333.709 335.487 
5 bp/sol     
Entropy (cal/mol K-1) 298.15 K                             46.670 36.218 181.639 264.527 
Internal Energy (kcal/mol)                     0.889 0.889 328.559 330.337 
4 pbe     
Entropy (cal/mol K-1) 298.15 K                             46.750 37.582 179.594 263.925 
Internal Energy (kcal/mol)                     0.889 0.889 335.103 336.880 
5 pbe      
Entropy (cal/mol K-1) 298.15 K                             46.670 36.201 180204 263.075 
Internal Energy (kcal/mol)                     0.889 0.899 329.797 331.575 
4 pbe/sol     
Entropy (cal/mol K-1) 298.15 K                             46.750 37.585 190.455 274.789 
Internal Energy (kcal/mol)                     0.889 0.889 334.628 336.405 
5 pbe/sol     
Entropy (cal/mol K-1) 298.15 K                             46.670 36.202 180.895 263.767 
Internal Energy (kcal/mol)                     0.889 0.889 328.853 330.630 
     
CO bp Translation Rotation Vibration     Total 
Entropy (cal/mol K-1) 298.15 K                             35.923 11.320 0.001 47.244 
Internal Energy (kcal/mol)                     0.889 0.592 3.012 4.493 
CO bp/sol     
Entropy (cal/mol K-1) 298.15 K                             35.923 11.318 0.001 47.242 
Internal Energy (kcal/mol)                     0.889 0.592 3.006 4.487 
CO pbe     
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Table S10. Calculated bond energies (kcal/mol)  
(all methods with TZP/core none/ZORA) 
 
 
 
 
 
Entropy (cal/mol K-1) 298.15 K                             35.925 11.321 0.001 47.245 
Internal Energy (kcal/mol)                     0.889 0.592 3.015 4.497 
CO pbe/sol     
Entropy (cal/mol K-1) 298.15 K                             35.923 11.318 0.001 47.242 
Internal Energy (kcal/mol)                     0.889 0.592 3.009 4.491 
1 bp  3 bp 1 bp/sol 3 bp/sol 
-8766.77 -9476.92 -8787.16 -9485.48 
1 pbe 3 pbe  1 pbe/sol 3 pbe/sol 
-8897.18 -9605.37 -8907.11 -9613.81 
4 bp 5 bp 4 bp/sol  5 bp/sol 
-9829.60 -9440.28 -9835.47 -9448.16 
4 pbe 5 pbe  4 pbe/sol 5 pbe/sol 
-9962.77 -9566.61 -9968.68 -9574.41 
CO bp CO bp/sol CO pbe CO pbe/sol 
-338.51 -339.12 -339.83 -340.43 
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Table S11. Calculated frequencies 
(all methods with TZP/core none/ZORA) 
Species  Frequencies (cm-1) 
1 bp 29 31 34 41 43 61 64 65 65 68 76 77 84 84 89 92 95 96 99 107 113 118 135 135 139 141 151 
152 155 155 161 162 168 169 173 177 178 181 193 195 261 261 271 272 279 280 310 317 
363 371 374 376 443 451 458 462 478 480 486 490 507 509 510 515 523 523 529 529 531 
533 548 552 561 564 574 578 586 589 594 598 683 685 775 776 786 821 909 911 958 958 
961 964 1010 1011 1013 1016 1016 1016 1018 1019 1065 1066 1096 1097 1127 1128 1155 
1157 1298 1299 1355 1356 1358 1360 1367 1370 1374 1375 1392 1392 1394 1394 1400 
1401 1433 1434 1436 1437 1441 1442 1447 1448 1452 1452 1454 1455 1459 1459 1463 
1464 1479 1479 1912 1913 1950 1961 1975 1990 2949 2950 2951 2951 2953 2953 2955 
2955 3025 3025 3026 3026 3027 3027 3029 3029 3059 3059 3064 3064 3066 3066 3068 
3068 3168 3170 
3 bp  29  31 35 40 43 51 57 64 67 69 71 77 79 82 86 87 88 92 96 101 102 106 107 108 112 120 128 
133 134 138 151 152 153 154 157 159 168 171 172 176 181 182 185 187 262 267 268 273 
281 284 300 301 349 349 354 357 380 387 391 394 421 424 441 454 460 460 482 483 486 
486 489 501 504 507 520 525 526 532 549 550 562 569 586 587 594 596 604 606 683 683 
781 781 827 827 910 911 955 956 957 957 1000 1002 1008 1008 1015 1016 1017 1017 1067 
1067 1096 1098 1128 1130 1158 1159 1297 1298 1353 1354 1354 1359 1367 1368 1372 
1372 1390 1391 1399 1399 1405 1407 1429 1430 1437 1438 1440 1442 1447 1448 1454 
1455 1455 1457 1460 1460 1466 1468 1474 1475 1880 1883 1920 1923 1946 1953 1988 
2006 2943 2943 2952 2952 2954 2954 2956 2956 3024 3024 3025 3025 3032 3032 3036 
3036 3056 3056 3065 3066 3077 3077 3077 3078 3179 3179 
1 bp/sol 11 33 34 38 40 61 64 64 65 67 69 77 84 87 90 93 94 97 101 105 107 111 125 131 131 133 
143 146 151 154 155 156 165 166 169 170 175 176 189 195 258 261 269 271 279 282 312 
324 365 376 378 380 442 448 454 458 476 479 484 488 506 507 511 520 521 521 526 529 
532 536 546 549 559 561 562 569 587 592 595 599 681 684 773 775 791 853 907 910 955 
956 960 962 1002 1003 1006 1009 1009 1009 1012 1013 1064 1065 1094 1096 1125 1129 
1151 1157 1296 1298 1347 1348 1351 1354 1358 1363 1364 1365 1387 1388 1389 1389 
1394 1396 1423 1424 1425 1426 1429 1432 1434 1436 1439 1441 1443 1444 1447 1449 
1450 1451 1472 1474 1852 1853 1882 1896 1938 1958 2956 2956 2957 2957 2958 2958 
3028 3028 3028 3028 3031 3031 3034 3034 3063 3063 3068 3068 3069 3070 3072 3072 
3180 3188 
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3 bp/sol 24 27 33 39 41 49 52 59 64 65 70 71 78 82 84 86 87 93 95 100 101 101 105 106 108 113 130 
133 135 139 149 150 153 154 159 160 168 170 171 178 181 183 185 187 263 269 270 276 
283 287 305 307 344 344 359 360 383 389 390 393 421 422 445 452 462 463 480 481 484 
485 491 496 504 505 512 519 522 526 526 532 549 550 563 570 587 588 596 598 602 605 
683 683 781 781 832 833 910 911 951 953 954 954 992 995 1001 1001 1007 1008 1012 1012 
1067 1067 1096 1097 1126 1129 1157 1157 1294 1295 1345 1348 1348 1353 1358 1360 
1363 1363 1384 1385 1394 1395 1400 1402 1420 1422 1426 1426 1429 1431 1437 1438 
1441 1443 1444 1446 1447 1448 1457 1457 1469 1470 1845 1848 1869 1870 1884 1898 
1951 1977 2948 2949 2957 2957 2958 2958 2962 2962 3026 3026 3028 3028 3035 3035 
3044 3044 3059 3059 3070 3070 3082 3082 3088 3089 3180 3181 
1 pbe 29 32 37 42 46 62 65 65 66 69 76 77 83 85 89 92 95 95 100 107 115 120 133 133 140 142 
149 151 152 153 162164 169 173 176 180 183 186 197 198 262 264 274 274 281 282 316 
322 369 377 379 381 443 452 459 463 479 480 486 489 508 510 510 516 525 526 530 531 
532 535 549 554 562 566 576 580 587 591 595 599 685 686 778 778 788 822 909 911 957 
957 961 964 1007 1008 1011 1013 1013 1013 1016 1016 1063 1064 1097 1097 1129 1130 
1154 1157 1301 1302 1351 1351 1354 1355 1362 1365 1369 1369 1393 1394 1395 1396 
1404 1405 1430 1431 1432 1433 1437 1438 1444 1444 1449 1450 1452 1452 1456 1457 
1460 1460 1480 1480 1916 1918 1953 1964 1979 1994 2957 2957 2959 2959 2961 2961 
2962 2962 3032 3032 3033 3033 3034 3034 3034 3034 3064 3064 3069 3069 3072 3072 
3075 3075 3169 3173 
3 pbe 31 32 36 40 43 54 59 65 68 70 73 76 80 82 86 89 90 94 98 102 105 106 108 112 118 124 130 
135 137 142 146 147 150 151 161 161 172 175 177 181 185 187 191 192 263 269 270 273 
284 287 305 306 348 349 359 362 385 391 393 396 422 426 439 454 464 465 485 486 489 
489 501 503 507 509 522 523 523 526 527 533 551 552 564 572 587 587 595 598 606 609 
686 686 784 784 830 830 911 912 954 956 956 957 997 999 1006 1006 1013 1014 1015 1015 
1066 1066 1098 1100 1129 1132 1157 1159 1301 1301 1349 1350 1351 1354 1362 1362 
1367 1368 1392 1393 1400 1401 1410 1411 1426 1427 1434 1436 1437 1439 1444 1445 
1451 1452 1453 1453 1457 1457 1466 1469 1476 1477 1884 1887 1925 1927 1950 1958 
1992 2010 2951 2951 2961 2962 2962 2962 2966 2966 3032 3032 3033 3033 3040 3040 
3042 3043 3062 3062 3073 3074 3083 3086 3087 3087 3180 3180 
1 
pbe/sol 
27 29 31 37 41 63 64 65 66 70 74 78 83 86 90 93 94 96 101 107 113 116 124 127 139 141 
144 146 150 151 160 164 167 173 175 179 181 183 196 198 262 263 272 273 280 282 321 
330 373 383 385 387 444 450 457 460 480 481 487 492 508 509 514 523 524 525 529 531 
535 540 550 552 562 565 565 572 589 593 597 601 684 685 777 777 801 845 908 911 955 
956 960 962 1000 1001 1003 1006 1006 1006 1010 1010 1064 1064 1095 1096 1129 1130 
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1156 1157 1298 1299 1344 1344 1347 1348 1354 1357 135 1360 1387 1388 1390 1391 1397 
1398 1420 1421 1422 1422 1427 1427 1431 1432 1435 1438 1441 1442 1445 1446 1449 
1450 14751475 1856 1857 1887 1901 1943 1963 2963 2963 2965 2965 2965 2965 2966 2966 
3034 3034 3035 3035 3037 3037 3041 3041 3067 3067 3075 3076 3076 3076 3077 3077 
3176 3182 
3 
pbe/sol 
32 33 39 40 53 58 63 66 71 72 78 81 84  87 93 94 99 99 100 106 106 110 116 132 136 138 
142 143 144 149 149 162 162 171 174 175 181 183 187 190 192 263 270 271 276 284 289 
311 313 342 342 364 365 387 389 392 397 423 423 444 450 464 465 479 482 485 485 491 
494 508 509 511 519 523 527 527 532 550 552 564 571 588 589 597 599 604 606 685 685 
783 784 832 832 910 911 949 951 952 953 989 992 999 999 1004 1006 1009 1009 1065 1065 
1096 1098 1128 1130 1155 1155 1298 1298 1340 1343 1344 1347 1353 1354 1358 1358 
1385 1387 1394 1395 1404 1406 1416 1417 1422 1423 1424 1427 1433 1435 1438 1441 
1441 1441 1445 1446 1458 1458 1470 1471 1847 1850 1871 1872 1889 1903 1956 1981 
2957 2957 2965 2965 2966 2966 2971 2972 3034 3034 3035 3035 3041 3041 3050 3051 
3065 3065 3076 3076 3089 3089 3095 3100 3179 3179  
4 bp 15 22 45 48 58 61 65 71 75 82 85 86 88 88 108 112 113 118 119 120 126 126 129 146 152 
152 155 158 162 163 165 170 172 176 176 182 188 188 192 197 203 214 216 219 229 269 
269 271 273 283 287 296 299 348 351 358 360 366 374 385 391 393 396 401 409 412 424 
428 447 462 472 482 485 499 502 508 516 523 526 527 529 546 562 567 580 580 580 600 
601 602 606 784 785 792 928 931 932 936 1008 1009 1009 1010 1012 1013 1020 1020 1020 
1021 1055 1056 1058 1060 1087 1088 1136 1136 1142 1143 1345 1345 1348 1352 1364 
1365 1366 1366 1370 1372 1382 1383 1387 1390 1402 1402 1407 1409 1411 1413 1440 
1433 1434 1440 1442 1444 1446 1449 1452 1454 1454 1457 1458 1464 1466 1469 1471 
1476 1478 1647 1666 1820 1927 1937 1975 1991 2949 2949 2950 2950 2951 2951 2952 
2952 2952 2952 3015 3015 3016 3016 3018 3018 3019 3019 3025 3029 3050 3050 3051 
3057 3060 3060 3065 3065 3067 
5 bp 19 28 42 44 48 53 62 64 68 72 72 75 80 86 87 93 94 103 104 115 119 132 133 135 141 142 
146 156 160 162 163 164 168 170 172 180 180 186 188 195 200 202 216 233 268 268 273 
273 280 282 286 288 318 324 364 365 376 381 393 413 417 429 431 437 464 470 486 491 
492 504 513 518 522 524 527 528 538 541 541 542 545 546 583 584 598 599 600 602 784 
785 791 792 926 926 930 931 1002 1004 1009 1009 1012 1013 1014 1015 1019 1019 1052 
1054 1054 1055 1083 1087 1133 1137 1143 1144 1347 1347 1350 1352 1360 1365 1368 
1368 1371 1372 1384 1384 1385 1386 1404 1405 1410 1410 1415 1415 1434 1438 1438 
1439 1441 1441 1447 1447 1450 1451 1454 1458 1461 1461 1465 1467 1468 1470 1478 
1479 1827 1842 1920 1921 1972 1982 2941 2941 2942 2942 2943 2943 2949 2949 2950 
	   254	  
! S22!
2950 3011 3011 3017 3018 3019 3019 3019 3019 3022 3022 3054 3054 3058 3058 3058 
3058 3061 3061 3065 3067 
4 bp/sol 19 44 46 58 62 63 70 71 81 84 86 99 102 107 111 114 115 116 120 127 144 150 150 150 154 
155 158 162 167 167 171 173 180 184 187 188 199 201 212 216 217 226 268 269 270 273 
283 286 294 298 349 349 358 361 373 379 389 389 395 400 402 409 419 425 443 459 469 
480 483 494 496 506 507 518 523 524 525 545 545 554 561 578 579 583 602 602 603 605 
783 784 790 926 928 930 933 1000 1001 1001 1002 1004 1005 1013 1013 1013 1013 1052 
1053 1057 1057 1086 1086 1134 1134 1140 1141 1339 1340 1342 1345 1356 1356 357 1357 
1361 1362 1376 1377 1380 1383 1396 1397 1401 1403 1404 1404 1423 1423 1429 1429 
1431 1431 1434 1436 1438 1439 1442 1444 1449 1450 1454 1455 1456 1456 1467 1468 
1626 1650 1741 1875 1882 1932 1961 2951 2952 2953 2953 2954 2954 2955 2955 3018 
3018 3020 3020 3023 3024 3024 3025 3025 3029 3058 3058 3059 3059 3061 3062 3066 
3067 3068 
5 bp/sol 14 27 43 44 47 53 60 64 68 71 72 74 82 86 88 93 94 102 104 109 116 129 133 136 139 142 
142 155 160 162 163 164 168 169 172 179 180 186 190 197 203 203 217 233 268 269 272 
272 280 282 286 288 321 328 367 369 382 384 396 408 412 426 427 434 463 469 483 490 
492 502 509 511 519 523 524 526 532 536 541 542 546 547 582 583 599 601 602 603 782 
784 790 791 923 924 928 929 995 998 1003 1004 1005 1006 1010 1010 1014 1014 1050 
1051 1053 1054 1082 1085 1130 1134 1141 1142 1341 1341 1344 1345 1353 1357 1360 
1361 1362 1364 1378 1379 1381 1381 1397 1399 1403 1404 1407 1407 1424 1428 1428 
1429 1431 1432 1435 1435 1438 1440 1441 1447 1449 1449 1454 1454 1456 1460 1470 
1471 1757 1771 1864 1864 1934 1954 2944 2945 2946 2946 2947 2947 2951 2951 2951 
2951 3013 3013 3019 3019 3022 3022 3023 3023 3025 3025 3059 3059 3060 3060 3062 
3062 3062 3062 3073 3075 
4 pbe 17 23 47 50 61 61 67 72 76 83 86 87 90 91 103 108 112 116 118 120 121 125 133 145 154 
155 160 162 166 170 174 176 179 180 186 191 194 198 201 207 219 221 222 232 272 272 
274 276 286 289 299 302 351 355 362 364 370 378 389 395 397 400 405 412 416 427 431 
450 465 476 486 489 503 507 510 518 524 527 529 530 546 547 564 570 582 583 583 602 
603 603 608 788 789 795 795 929 932 934 937 1006 1006 1007 1008 1009 1010 1018 1018 
1018 1019 1055 1057 1059 1060 1083 1085 1139 1140 1144 1146 1342 1342 1342 1346 
1348 1360 1361 1362 1362 1366 1368 1384 1385 1389 1392 1405 1405 1411 1412 1413 
1413 1428 1429 1435 1435 1438 1440 1442 1446 1448 1450 1451 1454 1457 1459 1462 
1465 1466 1468 1477 1478 1651 1670 1822 1930 1941 1978 1994 2956 2956 2957 2957 
2957 2957 2958 2958 2958 2958 3020 3021 3022 3023 3024 3024 3025 3025 3030 3035 
3054 3054 3055 3055 3061 3065 3065 3071 3071 3073 
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! S23!
5 pbe 19 29 42 45 48 53 63 64 70 72 73 75 82 86 87 94 94 104 106 107 118 130 133 137 140 144 
144 156 163 164 164 167 172 172 174 183 184 190 192 200 204 205 220 236 269 270 274 
274 282 284 289 291 323 329 370 370 381 385 396 415 417 431 433 438 464 471 489 494 
494 506 515 520 523 525 529 529 539 541 542 543 547 549 586 586 599 600 601 603 785 
786 794 795 926 927 930 931 999 1001 1006 1006 1009 1010 1012 1012 1017 1017 1051 
1053 1054 1055 1079 1083 1135 1139 1145 1146 1343 1343 1346 1348 1355 1360 1362 
1362 1367 1368 1385 1385 1387 1388 1407 1408 1412 1413 1414 1415 1429 1433 1434 
1435 1436 1437 1443 1443 1446 1448 1451 1455 1458 1458 1464 1464 1465 1469 1480 
1481 1828 1842 19231924 1975 1985 2948 2948 2951 2951 2952 2952 2957 2957 2958 2958 
3016 3016 3025 3025 3025 3026 3026 3026 3027 3027 3061 3061 3064 3064 3064 3064 
3069 3069 3073 3076 
4 
pbe/sol 
22 45 47 60 61 65 70 71 74 81 82 84 86 87 88 91 92 115 117 119 123 130 137 142 153 153 
153 157 161 165 170 171 174 184 184 189 190 203 206 217 220 221 227 231 273 273 275 
287 289 295 299 355 355 362 368 378 384 393 394 398 405 405 407 415 422 430 447 461 
474 485 486 498 500 508 510 520 524 525 526 545 557 565 581 581 585 603 604 604 608 
786 786 791 792 927 928  930 933 996 998 998 998  1000 1002 1009 1010 1010 1010 1052 
1053 1056 1057 1082 1083 1136 1136 1142 1143 1338 1340 1335 1336 1350 1350 1351 
1351 1355 1358 1376 1377 1380 1384 1397 1398 1400 1402 1405 1407 1418 1418 1423 
1427 1424 1426 1430 1432 1433 1433 1435 1439 1441 1447 1449 1451 1452 1454 1456 
1466 1467 1629 1652 1744 1880 1886 1937 1966 2959 2960 2961 2961 2961 2962 2963 
2963 2963 2964 3026 3026 3027 3027 3032 3033 3034 3035 3035 3037 3063 3065 3067 
3067 3068 3068 3069 3072 3073 3075 
5 
pbe/sol 
5 25 43 45 48 53 61 63 70 71 72 76 83 86 88 93 93 103 103 105 113 128 132 137 137 144 
144 155 162 163 164 167 170 172 174 183 183 189 193 200 205 207 220 236 271 271 273 
273 281 284 288 291 326 334 372 374 386 388 398 410 413 427 429 436 464 470 485 492 
495 505 512 512 521 525 527 527 534 538 541 541 549 550 584 585 601 602 603 605 784 
785 793 793 924 924 928 929 992 995 1000 1001 1002 1003 1007 1007 1011 1011 1049 
1051 1053 1054 1078 1082 1132 1136 1144 1145 1337 1338 1340 1341 1348 1352 1355 
1355 1357 1359 1379 1380 1382 1383 1400 1402 1405 1406 1407 1408 1420 1423 1424 
1425 1427 1427 1431 1431 1434 1436 1438 1444 1446 1446 1452 1453 1455 1459 1472 
1473 1760 1774 1868 1868 1938 1957 2952 2952 2954 2954 2955 2955 2958 2958 2959 
2960 3019 3019 3026 3026 3028 3028 3030 3031 3031 3031 3065 3065 3067 3067 3069 
3069 3070 3070 3081 3085 
CO bp 2107 
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! S24!
CO 
bp/sol 
2102 
CO pbe 2109 
CO 
pbe/sol 
2105 
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